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The practice of the cyanide-proeeaa of gold-extraction has 
bronght to light many important contradictions of familiar 
chemical analogies, which still obscure both the theory and the 
practice of the art with distinctions subtler and more difficult to 
make or follow than those which delighted the heart of the 
old-time metaphysician. Yet Nature herself has drawn these 
distinctions; and if we hope to succeed in this modern search 
for the Golden Fleece, we must be able to follow her through 
the winding labyrinth. 

There are so many phases of this question that I shall attempt 
to touch on only one of them at this time, but it is one that lies 
at the root of many others. 

In reviewing my paper " On the Solution and Precipitation 
of Cyanide of Gold,"* Mr, E. B. Wilson contendsf that*' in the 
solution of gold by the means of alkaline cyanides the various 
reactions are determined as to their order and intensity by the 
relative positions of the elements concerned in the electro-chem- 
ical series, or series of voltaic tension." 

In a modified form this statement is probably true. That is 
to say, the difference of electrical potential in any closed elec- 
trical circuit determines the nature of the reactions which en- 
sue. But the matter is not so simple as Mr. Wilson assumes. Re- 
cent investigations show that the order of the metals in the 
electro-chemical series depeftda not only on the nature of the ele- 
ments themselves, but also on the chemical composition of the 
solution in which they are placed; its degree of concentration ; 
its temperature ; and in the case of gases, on the pressure. 

Unless all these conditions are taken into account, inferences 
drawn from the electro-chemical series are likely to prove more 

* Trane., ixvi., 735. t Tram., iiviL, 821. 
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miBleading than useful. The series, as quoted by Mr. "Wikon 
from Gore, is aa follows ; 

3. Potaaaiuo. 28. Antimonv. 

4. Sodium. Ifl. Telluriuiii. 
B. Calcium. 31. Gold. 

fi. Magnesium. 37. Carbon. 

12. Manganese, 39. Nitrogen. 

13. Zinc. 40. Arsenic. 
15. Iron. 43. Sulphur, 
20. Lead. 45. Bromine. 
24. Copper. 4B, Chlorine. 
2o. Hydrogen. 47. Ojygen, 
27. Silver. 

This aeries correctly shows the difference of potential in many 
solvents, especially in acid solutioiis, but the use of it for pre- 
dicting the action of cyanide solutions involves several grave 
errors, one of which is the assumption that the nature of the 
solution in which substances are placed is without effect on the 
order of the series. 

The remarkable effect of solutions of cyanide of potassium 
upon the relative positions of substances in the electro-chemical 
series was first shown by Prof. Jacoby, who, on August 21, 
1844, called the attention of the St. Petersburg Academy of 
Sciences to the fact that when silver and cyanide of potassium 
solution replace the zinc and sulphuric acid in the Daniel] cell, 
a strong current ensues and copper is precipitated. Ordinarily, 
and according to the usual inference from the above series, cop- 
per precipitates silver from its solutions ; but here was a com- 
bination in which silver precipitated copper. 

In the following year, Poggendorft' announced* that by his 
(now well-known) " compensation-method," he bad found the 
electro-chemical series in 1 part of KCy to 8 parts water — i.e., 
in a 12.5 per cent, solution of KCy, to be : 
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Gore also* investigated this sabject with similar results ; only 
heshowed that the order depends on concentration and temper- 
ature; and that, according to these conditions, gold may he 
more or less electro-positive than silver. 

The variations thus discovered in the relative position of the 
metals in the electro-chemical series at once caat a cloud on its 
usefulness for predicting chemical reactions ; and though, a great 
mass of experimental data was accumulated, and the most acute 
minds of the century were hrought to bear on the problem, no 
explanation of these anomalies was found for many years. 

It is only within the last decade that anything like a clue to 
the mystery has been detected; and this result has been made 
possible only through the combined efforts of a- number of men 
who approached the subject from what may be almost termed 
its purely speculative side, without any thought of practical ap- 
plications. 

Now that something tangible seems to be resulting from 
these efforts, I have thought that a brief outline of the rapid 
progress made in the electro-chemical theory during the last 
decade might be of service to those who have been too much 
occupied with practical details to follow theoretical investiga- 
tions for themselves. Such an outline will also render more 
clear the bearing of the experimental work which follows. 

I. — Outline of the Development of the Modern Electro- 
chemical Theory. 

Analytical Research. — In the developjnent of this subject, the 
efforts of investigation in the line of pure mathematics have 
been combined with the experimental methods of the chemist 
and the physicist with the happiest results. 

Chief among the mathematicians in this particular iield is 
Prof. J. Willard Gibbs, of Yale University, whose work is too 
little known and appreciated by his countrymen, or even by 
his own colleagues. His essays, published in the Transactions 
of the Connecticut Academy of Science, being purely mathe- 
matical, attracted but little attention in this country, but, being 
translated into German by Prof. Ostwald, were introduced to a 
public capable of appreciating them. He is now recognized in 

* JVoc. Royal Soc., Lond., vol. in., p. 45, 1879. 
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Europe as having' anticipated many important discoveries with 
which Helmholtz had been credited. His predictions concern- 
ing the laws governing matter and energy have been verified 
as far as they have been tested, and are even jet far ahead of 
experimental verification. It is impossible to give here an 
adequate account of the work of this great man, bat he will 
always be recognized as a leader in the application of mathe- 
matical analysis to the most profound physical and chemical 
problems. 

The " Ions" — While Gibbs and Helmholtz were busy with 
the mathematical side of the question, Daniell, Kohlrausch, 
Hittorf and many others were busy in following the experimental 
lines opened up by Faraday. Faraday had always assumed 
that the electric current was transported through a solution by 
discrete particles of matter, each bearing its own electric 
charge. To these moving particles of matter he gave the name 
of "ions." Those which move in the solution in the same di- 
rection ae the positive electricity he called " cathions," and 
those which move in the opposite direction, "anions." The 
electrodes he distinguished as the " cathode," to which the 
cathions move, and the " anode," to which the anions move. 
These distinctions have proved of the greatest service; their 
value and meaning have been made yet more clear by the work 
of Daniell, and most of all by the classic experimental researches 
of Hittorf. The latter showed beyond question that the pas- 
sage of the current was accompanied by an actual transfer of 
the cathions and anions through the solution in opposite direc- 
tions. He and those who followed him were able to determine 
that these ions were sometimes simple elements, like sodium, 
potassium, silver, copper, etc., and at other times compound 
molecules like SO^ NH^, NO3, etc. Thus, while common salt 
would have for its cathion sodium, and for its anion chlorine, 
sodium nitrate would have for its cathion sodium, and for its 
anion NO,. He proved these propositions by ingenious exper- 
imental methods which are still admired for their simplicity and 
certainty. : 

Hittorf showed also that, in the ease of potassium argento- 
cyanide, the principal cathion was not silver, but potassium, 
which alone traveled in the direction of the positive current. 
The silver traveled in the opposite direction, with the cyanogen 



THE ELECTROMOTIVE FORCE OF HETALS. 5 

and the negative electricity, and formed the anion (AgCjj). He 
explained the reduction of the ailver which takes place at the 
cathode hy proving that all (but a trace) is due to the second- 
ary reaction which ensues when the potassium ion is deposited 
at the cathode and displaces an equivalent of silver from the 
silver cyanide there adjacent. 

This experiment is so important that it will be considered 
more extensively below. It is sufficient in this place to say that 
he proved that, while an equivalent of silver was deposited at 
the cathode, the adjacent solution was robbed of that equiva- 
lent, and at the same time there was found an extra equivalent 
of potassium in the form of caustic potash, while abont the 
anode there was an increase of one equivalent of silver and two 
equivalents of cyanogen. The conclusion is irresistible that the 
principle ions are, cathion(K), anion (AgCy,). He proved also 
that the ions migrate with different, moderate and easily meas- 
ured velocities. 

Molecular Conductidly. — Meanwhile Kohlrausch, Ostwald and 
others were making a tedious and apparently useleea investiga- 
tion on the electrical conductivity of solutions of increasing di- 
lution. The specific conductivity of dilute solutions is usually 
much smaller than that of more concentrated ones; but when 
the comparison was made on the basis, not of specific, but of 
molecular conductivity, a new and important law was discov- 
ered. 

For the purpose of comparing the molecular conductivities 
of solutions, a unit known as the " gramme-molecule " was em- 
ployed. A given volume v of solution ie said to contain a 
•' gramme-molecule " of a given substance whenever it contains 
a number of grammes of the substance equal to its molecular 
weight. Thus a "gramme-molecule" of potassium cjanide 
would be 65 grammes supposed to be dissolved in v liters of 
water. "When v is one liter we should have a solution of one 
"gramme-molecule " per liter. In this case, for univalent sub- 
stances, the " gramme-molecule per liter " is of course identical 
with one " equivalent " or a " normal solution. " 

Now, when we compare the total conducting power of a 
gramrae-raolecule of all electrolytes, we find that, as the volume 
V increases, and the solution becomes more dilute, the total, or 
molecular, conductivity of the whole volume of solution in- 
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creaaee instead of diminishing with dilution, ■ as the specific 
conducti\-ity does. This increase is at first quite rapid ; then 
the conductivity becomes nearly constant and increases only 
very slightly, to reach its maximum value for v = infinity. 

Kohlrausch proved by a comparative study of these results 
that the total conductivity of a dilute solution is due to the ve- 
locity of the ions, and also that it is made up of the sum of the 
velocities of the cathions and anions moving in opposite direc- 
tions. 

Osmotic Pressure. — Meantime progress was being made in an 
apparently totally diilerent field, Pfeffer, jjrofessor of botany 
at the University of Leipzig, made an extensive study of the 
osmotic transfer of solutions through the walls of plant-cells, 
and devised in 1878 a method by which it was shown that os- 
motic action was capable of producing certain definite press- 
ures. His method consisted in using a " semi-pervious mem- 
brane" through which the solvent, hut not the solid in solu- 
tion, can pass. When, for instance, a glass tube, closed at the 
bottom with a plug of porous earthenware coated with the semi- 
pervious membrane of ferrocyanide of copper, is filled with a 
strong solution of sugar and the lower end is placed in distilled 
water, the latter, being able to pass through the pores of the 
filter, does so; while the sugar particles, being unable to pass 
out, remain in the tube, and hence the solution column actually 
rises in the tube, Pfeffer showed that the pressure, as meas- 
ured by the height of the column, was proportional to the 
amount of sugar in the solution and increased with the temper- 
ature. 

The Gas-Law and Osmotic Pressure. — These phenomena had 
long been supposed to be due to an attraction of the sugar for 
water; but the fact that the osmotic pressure was proportional 
to the sugar-content, and increased with the temperature, sug- 
gested to Prof Van't Hoff", the brilliant Hollander, that the 
dissolved substance acted just as a gas would do. 

His reasoning was something like this : A dissolved sub- 
stance exerts an osmotic pressure against the bounding surface 
of the liquid, just as a gas does against the walls of the vessel 
that contains it. But the surface of the liquid presses inwards 
with a pressure of above a thousand atmospheres (the Binnen- 
druck of the Germans, which prevents the liquid from evapora- 
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ting instantaneously into space). This surface-tension of the 
liquid resists the comparatively slight osmotic pressure, and or- 
dinarily the latter produces no noticeable effect. 

But when a semi-pervious membrane, through which water 
may pass, but which will filter out the sugar molecules, is in- 
terposed between the sugar solution and the clear water, the 
pressure of sugar molecules against the aemi-pervious mem- 
brane and the upper surface of the solution raises the latter just 
as it would a piston ; and as the sugar is unable to exert any 
pressure on the surface of the water on the other side of the 
semi-pervious membrane, the clear water freely enters the tube 
through the membrane as fast as th^ upper surface rises. 

Of course, according to the gas-law, the osmotic pressure 
should increase with the concentration. Hence Van't Hoff 
applied the gas-law, pv = RT, in which p represents the pres- 
sure, V the volume containing a gramme-molecule ; T, the abso- 
lute temperature; and R, the "gas-constant." When this 
formula was applied to Pfeffer's results an almost perfect agree- 
ment was discovered; and the same result was obtained with 
numerous other solutions of organic substances. But when it 
was applied to inorganic salts, or electrolytes, it was found that 
the osmotic pressure was greater than that indicated by the 
molecular concentration. Van't Hoff expressed this fact by the 
formula, pv=:iRT, in which i is a coefficient greater than 
unity. 

Here was an apparent anomaly; the osmotic pressure was 
apparently greater than that due to the number of molecules, 
that is, greater than the gas-law would indicate. Progress 
seemed to be stopped by a stone wall. But it was not delayed 
long. 

Disaonation. — Arrhenius, the masterly Swedish physicist, 
suggested a new idea. Perhaps the gas-law still holds, only the 
number of molecules has been increased by the dissociation of 
some of the dissolved substance. If a part of the molecules 
were supposed to be split, so as to double their number, the 
total number of molecules present would be increased and the 
gas-law might still hold. Itwas soon shown by Arrhenius that 
there was a close relation between the size of the coefficient i 
and the " chemical activity " of the substance. For instance, 
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in the case of the inorganic acids, this coefficient was particu- 
larly large in those chemically most active, like hydrochloric 
and nitric acids. Assuraing that in these cases the dissociation 
was most complete, he made another brilliant generalization. 
He distinguished between " chemically active " and " inactive " 
molecules, and claimed that the dissociated molecules were the 
only " chemically active " ones. This distinctiou has proved 
to be sound. 

The next step was to show that the increase of molecular con- 
ductivity of dilute solutions was due to this same dissociation, 
and that the dissociated molecules alone took part in the trans- 
fer of the electrical current. Arrhenius concluded that the dis- 
sociated molecules formed the "ions" which Faraday had 
shown to be instrumental in conveying the current; that each 
dissociation produced a cathion which carried the positive elec- 
trical current, and an anion which carried the negative current 
iu the opposite direction; that these alone were active in the 
electrical transfer; that when a substance was entirely undis- 
aoeiated it would be a non-conductor; and that its conducting 
power was directly proportional to the number of ions present. 

This view was strongly contested at first. It was argued, in 
opposition, that such strongly combined substances as, for in- 
stance, potassium chloride, could not possibly split up in solu- 
tion, even in part, into potassium and chlorine ions — that the 
potassium would decompose the water. But the reply was : 
" What if it did ? The only effect would be to produce HCl 
and KHO ; these would again dissociate into H and CI and K 
and HO; and the potassium and chlorine ions would still exist 
as before." It was also suggested by Prof. Ostwald, of the Uni- 
versity of Leipzig, that the ions were an allotropic modification, 
difi'erent from the ordinary elements, in that to tlie cathion was 
attached a positive charge, and to the anion an equal negative 
charge, of electricity ; and that when these electrical charges 
were given up at the electrodes, the ions changed into the ordi- 
nary elemental form. 

Ostwald was the first to defend these new views, and the po- 
sition now held by the theory is largely due to his remarkable 
genius for outlining, executing and interpreting experimental 
work. Together with his students, inspired by his example, he 
has accomplished a great work in clearing up many difficult 
points as fast as they were raised. 
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Fig. 1 illustrates an ingenious experiment devised bj Ostwald 
to show the bearing of the new theory. Two vessels, A and 
B, filled with a Bolutioii of KCl, are connected electrically by 
the column of solution contained in the siphon C. If the 
theory be correct, a large insulated conductor D, charged with 
negative electricity, and brought near the vessel A, will act by 
induction on the ions contained in A and B. The electrioally 
positive, potassium cathions, will migrate through C and col- 
lect in A, being attracted by the negative charge on D, At 
the same time the electrically negative chlorine anions, repelled 
by the negative charge on D, will accumulate in B. 

On removing C, so that A andB are disconnected electrically, 
and then removing D, the vessel A will contain an excess of posi- 
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tively electrified potassium ions, and the vessel B an excess of 
negatively electrified chlorine ions. So long as the vessels are 
not connected with each other or the earth, they will induc- 
tively remain in equilibrium and there will be no reaction be- 
tween them. But according to the theory, if their contents be 
connected by a platinum wire, the potassium ions will give up 
tbeirpositive charge on the end immersed in A (hydrogen be- 
ing set free by the reaction of the potassium on the water as 
soon as the ions have given up their electric charge), and the 
chlorine ions will give up their negative charge on the end im- 
mersed in B (ordinary gaseous chlorine being similarly set free 
on that end of the wire). 

The above experiment is diflicult of actual execution on ac- 
count of the enormous amount of electricity (96,540 coulombs) 
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required by ea<;h gramme-molecule; but in a modified form 
of it, using a capillary mercurial cathode, Ostwald and Nernst 
were able to denionfltrate the correctness of this view by traces 
of hydrogen, distinctly visible under the microscope. 

Fig. 1 is therefore not bo much a record of actual experi- 
mental demonstration as an ideal diagram, serving to explain 
the nature of the conception involved. 

Altered Freeiinfl anil Boiling Points. — Another important con- 
firmation of the ideas of Arrhenius came from an entirely dif- 
ferent quarter. It had long been known that the boiling point 
of an aqueous solution was raised and its freezing point lowered 
inproportion to its molecular concentration; andthe method had 
even been used to determine molecular weights in cases of 
doubt. But here again dilute solutions proved an exception, 
showing variations in excess of what was due, according to the 
rule, to their molecular concentration. But when the behavior 
of dilute solutions was examined in the light of the new theory, 
it was found that the assumption of an increase by dissociation 
in the number of molecules present explained in these cases, 
also, the apparent anomally. That is to say, when the rise of 
boiling and fall of freezing points of dilute solutions were ex- 
pressed in terms of the total molecular concentration (allowing 
for the increase in number of molecules by dissociation, as de- 
termined by the method of electric conductivity), the observed 
facte accorded with the rule. 

Heat of Neutralization. — Another argument in favor of the 
dissociation hypothesis is furnished by the remarkable fact that 
the heat of neutralization of a gramme-molecule of all dilute 
acids is the same. When strong solutions of acids are neutral- 
ized with strong solutions of the several alkalis, the heat of the 
reaction per gramme-molecule is usually quite different; but 
when dilute solutions are used, the heat of neutralization per 
gramme-molecule is found to be practically the same for all the 
electrolytic salts. 

This fact, inexplicable according to the usual views of chem- 
ical affinities, is a natural consequence of the dissociation-theory. 
The heat of combination in all these cases is practically equal to 
that due to the formation of a gramme-molecule or water — that 
is, to the combination of the atom of H in the acid with the 
molecule of OH in the alkali. The and OH ions existing in 
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watxir are infinitesimal in amount. Hence, when two solutions 
containin|f both in equivalent amounts are brought into con- 
tact, the^- unite, and the beat produced results from their com- 
bination. No heat results from the combination of the acid 
and alkali radical, because they were separated into ions before 
neutralization, and remain in the same state afterwards. 

Hence, as the beat results solely from the reaction H, -|- = 
HjO, according to the new theory, it ought to be the same for 
all dilute solutions of acids and alkalies, 

Solution-Pressure. — Professor Nernst, now of the University 
of Goettingen, made the next great forward step in explaining 
the anomalies in the electro-chemical series. He investigated 
very carefully the so-called " concentration-cells." The concen- 
tration-cell contains two electrodes of the same metal, each im- 
mersed in a solution of the same salt of the metal of its elec- 
trodes ; the only difterence between tbe solutions being that one 
has a greater molecular concentration than the other. When 
such a cell is arranged like a Daniell cell (except that both 
electrodes are, say, of silver, one immersed in a normal, the 
other in a deei-normal solution of silver nitrate), and the elec- 
trodes are connected, a current of electricity results. From the 
electrode immersed in the dilute nitrate solution an equivalent 
of silver is dissolved, and at the same time on the electrode im- 
mersed in the concentrated solution an equivalent of silver is 
precipitated. The positive current flows from the electrode in 
the weak solution to that in the strong solution. 

An electric current is thus produced from two electrodes of 
the same metal immersed in its own salt. Evidently, therefore, 
it can no longer be deemed- necessary to have two different 
metals, or even the salts of two different metals, in order to 
produce a galvanic couple. But whence comes the electromo- 
tive force in this case ? 

An attempt to answer this question led Nernst to propose tbe 
brilliant hypothesis which commonly beara bis name and rounds 
out the modern theory of electromotive force. Briefly stated, it 
is that, for a given temperature, each metal has a certain defi- 
nite " solution-tension," as he first called it, or " solution-press- 
ure," as it has been more aptly named by Ostwald. According 
to Nernst's idea, every metal immersed in a solution con- 
taining none of its ions possesses, at a given temperature, a cer- 
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tain " solutioii-preesure " with which ita particles tend to go 
into solution and assume the ionic state. In doing this, each 
takes from the remaining metal a charge of positive electricity 
which it imparts to the solution. At the same time the re- 
maining metal receives an equal charge of negative electricity, 
This causes the formation of Helmholtz's " double layer " of op- 
positely electrified particles on the surface of the metal, and the 
process goes on until the attraction of the positively electrified 
iona for the negative metal just balances the solution-pressure 
of the metal. By reason of the enormous electrical charges of 
the atoms (96,540 coulombs to the gramme-molcule), it follows 
that only unweighable traces of the metal have to go into solu- 
tion to bring about this equilibrium, which, once assumed, re- 
mains, unless a charge of positive electricity be imparted to the 
negatively electrified metal. When this is done, as happens 
when the circuit of a galvanic battery is closed, the formation 
of ions and the solution of the metal go on continuously. On 
the other hand, when a metal is immersed in a solution already 
charged with its own ions, these at once set up an osmotic 
pressure opposite to the solution-pressure, and hence, dependent 
on the concentration of the solution, there are three possible 
cases : 

1. The osmotic pressure of the ions already in solution may 
be lees than the solution-pressure of the metal. Here the ease 
is similar to the one described above, but the difference of press- 
ure will be smaller than when no ions were originally present 
in the solution. 

2. The osmotic pressure of the ions in solution is exactly 
equal to the solution-pressure, and no double layer or difference 
of electrical pressure results between the metal and the solution. 
In this case the metal remains indifferent fo the solution. 

S. The osmotic pressure of the ions already in solution is 
greater than the solution-pressure of the metal. In this case 
the ions in sohition tend to precipitate themselves on the sur- 
face of the metal; and at the same time they impart their 
.charge of positive electricity to the metal, which becomes posi- 
.tively electrified, while the solution which had contained an 
equal number of positive and negative ions becomes negatively 
electrified. This soon produces a new double layer of oppo- 
sitely electrified ions, which brings about an equilibrium, unless 
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a continuous stream of negative electrieity is imparted to the 
positively electrified metal (as by completing the circuit of a 
galvanic battery), when the precipitation of the ions goes on 
eontinuouely. The equilibrium of the double layer is brought 
about (for the same reason as given before) by the precipitation 
of unweighable traces of the ions. 

According to this view, the electromotive force of a galvanic 
cell is just as much due to the difference of pressure between 
the metals tending to aeaume the ionic state, and the ions tend- 
ing to assume the metallic state, as the force of a steam or com- 
pressed-air engine is due to the dift'erences between the steam- 
or air-pressures acting on either side of the piston. 

Hence, Nernst applied the laws of thermodynamics, which had 
been already worked out so thoroughly for gases, to this prob- 
lem also, and with the most remarkable results. It is impossible 
to enter here into all the refinements of the subject; but the 
following condensed statement will give an idea of the reason- 
ing involved. 

Starting with the well-known gas-law 

(1) pv = KT. 

(p and P being pressures in grammes per square centidieter ; V 
andr, theeorresponding volumes in com. to contain one gramme- 
molecule; T, 273 -i- i degrees Centigrade; and R, the "gas- 
constant" = 1.96 calories), we can easily determine the maxi- 
mum amount of work, A, in gramme-centimeters, done by a 
perfect gas, expanding at a constant temperature from a volume 
V to a larger volume V, and at the same time falling from a 
pressure P to a smaller pressure p. We have : 

P 

(2) A = fvdp. 

r 

But, from (1), w = ^ - hence 
P ' 

P 

(3) A ='RTrdp 

P ^' 
and, integrating this, we have 

(4) A = RT nat. log. -■ 
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If we tiow suppose the gas-law to apply to the diffusion of the 
ions from the electrode into the solution ; let P represent the " so- 
lution-pressure " and/) the" osmotic preesure " of theionaofthe 
given metal in solution; and further assume that work is done 
only in falling from the pressure P to the lower osmotic pressure 
p, and not in changing from a solution-pressure P to an equal 
osmotic pressure P, it follows that equation (4) will apply di- 
rectly to this caSe also. 

But we can also express the maximum work A in electrical 
units. If we assume that to a " gramme equivalent " of a uni- 
valent element is given its unit charge of e = 96,540 coulombs 
of electricity, and represent by the Greek letter nthe potential 
difference in volts between the metal and the solution, we may 
also represent the work A done, by the product n e. Hence we 
have : 

(5) xe = RTuat.log.?; 

V 

or, changing, for com'enience of calculation, from natural to 
common logarithms, we have 

(Q) JT e = . log. _, and hence 

"^ ' 0.4ii4a " p 



e X 0.4343 ^ p 

Now E = 1.96 calories, or in electrical units, R = 1.96 X 4.24 ; 
e^ 96,540 coulombs; and for ordinary temperatures i= 17° 
C. or T= 273 + 17 = 290^ C. Substituting these values, we 
have: 

(8) „=!:?^^:^*^29^log.? = 

*■ -' 96,540 X 0.4343 ^ p ^ 

For ions that have a valency n>l, each gramme-molecule will 
require n y. e, or n y. 96,540 electrical units, and this must be 
substituted in the formulas (5) to (8) instead of e ; when this 
is done we have the general formula ; 

0.0575, P ,^ . 

(9) t = — log. - volts. 

^ ' n p 

This formula, of course, is only true for t^ 17° C. 
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I have plotted this curve in Fig. 2. It will serve for any 
p 
metal in which the ratio ^ is the same. If we study the 
P 
P 
ratios of — we see that when P is greater than p, x always 

P 
has a positive value; that is, the liquid is positively electrified 
by the ions which go into solution, and the remaining mass of 
metal is, in consequence, negatively electrified. As a further 

P . . P 

consequence, when ^ = 0, _=^ infinity; hencelog, _, and hence 
p p 

n, equals infinity. 

This, of course, is interpreted to mean that a metal brought 

into the presence of a solution containing none of its ions would 

have an infinite potential with regard to that solution ; but this 

could only last for an infinitesimal period, after which the liquid 

would be impregnated with the ions of the metal. Experiment 

shows that none of the metals give an infinite potential in any 

known solution. It follows, therefore, that traces of the ions 

of all the metals must exist in all solutions, even though they 

may not be recognizable by any other chemical or physical 

test. The same mathematical difficulty exists with regard to 

the conception of a perfect vacuum, and a similar conclusion 

may be drawn, namely, that such a thing as a perfect vacuum 

is physically impossible. 

P P 

When P =: p, then - =: 1, and log. - ^ 0. In this case, the 
p p 

potential is 0, and there is no tendency either to dissolve or to 

precipitate the metal. 

P . . 

When Pis less than^, log. -is negative, and the solution 

P 
is negatively electrified, owing to the positive ions precipitating 
themselves with their positive charges upon the metal, which 
becomes positively electrified. If p could become infinity, 

p 
log. - would become minus infinity. As a matter of fact, these 

values are never reached, for the simple reason that as p de- 
pends on the number of ions in a unit^volume, it follows that, 
on dilution, p reaches nearly a maximum value for very moder- 
ate dilutions, when dissociation of the liquid is nearly complete ; 
and, after that, the value of p is reduced rather than increased 
by further dilution. 
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According to this view, the electromotive force of the metals 
ill their solutions depends, for a given temperature; 

1. Upon the "solution-pressure" peculiar to each metal. 

2. Upon the number of ionB of the given metal present in 
the solution in which it ie immersed. 

If the " solution-pressure " peculiar to each metal were 
accurately known, we might write out an absolute electro- 
motive series for the metals. Le Blane* proffoaes, on the 
basis of the work of Neumann, and on the supposition that the 
osmotic pressure of a totally dissociated normal solution (con- 
taining one gramme-molecule in the dissociated state) is equal 
to 22 atmospheres, a series of this kind, as follows: 



Eleetromoiive Series of Metals in Solulion. 

(Value of Patn^C.) 









Mmosphere, 


Zinc, 


0,9X10 


Lead, 


1.1X10 


Cadmium, . 


2.7 X lU 


Hydrogen, 


9.9 X 10 


TLallium, . 


7.7X10 


Copper, . 


4.8X10 


Iron, . . 


1.2X10 


Mercury, . 


1.1X10 


Cobalt, . 


1.9X10 


Silver, 


2.3 X 10 


Uickel, . 


1.3 X 10 


Palladium, 


1.5 X 10 



But it is in the varying number of ions present in solution 
that the true explanation of the apparent anomalies in the elec- 
tromotive series was found. According to this theory the posi- 
tion of the metal in the series ought to vary in difierent solu- 
tions in accordance with the number of ions of the given metal 
that can exist in the given solution. 

Complex Ions. — The anomalous position of copper, gold and 
silver in cyanide solutions is here explained for the first time. 
According to this view, there are very few metallic ions of 
these metals in solutions of their cyanides. For example, the 
double cyanide of gold and potassium (potassium auro-cyanide) 
1 part, first into a positive ion K(+)t and a nega- 



* ECemeHU o/ Electro-chemutry, p. 228. 

t Tlie expression (-I-) means that the inn after which it is wrillt 
positive charge of electricity ; the expression (— ) means that the ii 
negative charge, and (±) that it is neutral, or not electrified. 
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tive ion AuCy, ( — ). The latter, in accordance frith the " maas- 
law," also dissociatee, to a very slight extent, into AuCy (±) and 
Cy ( — ) and the AuCy, in accordance with the same masB-law, 
disaociatcB, to an almost infinitesimal extent, into Au (^) and 
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Cy( — ). The metallic gold iona, thus existing to aa almost in- 
finitesimal extent Id cyanide solutions, are the only ones that 
exert an osmotic pressure against the solution-pressure of the 
gold. Hence, in spite of the low solution-pressure of the g'old, 
the still lower osmotic pressure of the few gold ions present 
renders the potential of the gold in cyanide solutions remark- 
ably high. Its solubility, also, is thereby explained. 

But a high potential difference does not necessarily indicate 
the great solubility of a metal; it may, in fact, indicate the op- 
posite. For instance, the electromotive force of silver in 
cyanide of potassium solutions is high ; but in sulphide of po- 
tassium solutions it is still higher — owing, in this ease, to the 
extreme insolubility of the sulphide of silver. This extreme 
insolubility of the sulphide of silver reduces to a minimum the 
number of metallic silver ions that are present in the solution, 
diminishes the osmotic pressure of the ions, and hence in- 
creases the electromotive force. 

The explanation of these remarkable exceptions that "prove 
the rule," is due to the work of Oetwald, who, more than any 
one else, has filled in the gaps and explained away the difficul- 
ties presented by the new views. 

Beyond doubt, the gold, the silver and the copper in the 
cyanide solution are mainly combined with Cyj to i'orm electro- 
negative ions AuCy2{ — ), AgCy2( — ), and CuCyj( — ). As to 
silver, this conclusion is to be drawn, in fact, from Hittorfs 
early experiments, and, as to gold and copper, from those of 
Ostwald, already described,* These ions have been termed by 
Ostwald "complex ions," to indicate that they contain the 
metals in a combination in which their ordinary chemical re- 
actions are entirely masked. There are many other such 
combinations : the thioaulphites of gold and silver, the ferro- 
cyanides and ferrieyanidea, the platinochlorides, etc., all fail to 
answer the ordinary testa for the gold, silver, iron, and plati- 
num that they contain. The alkaline sulphhydratea of many 
of the metals are also examples of the same fact. 

It is for this reason that all of the ordinary reagents fail to 
precipitate the gold and silver from cyanide solutions. For 

* See Cliriaty, " The Solution and Precipitalion of lUe Cjanide of Gold," Tjom , 
xitL, 758 et seq. • 
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this reason, also, the electric current causes a transfer of the 
electronegative ion from the negative to the positive pole, or 
anode, in the opposite direction to that ordinarily taken by the 
metals, and only the comparatively few electropositive gold 
ions present in the solution travel towards the cathode or nega- 
tive electrode of the deposition-box. As alri^ady shown in my 
paper, just cited, this necessarily retards the electrodeposition 
of the gold from cyanide solutions. However, the potassium 
ions, on giving up their electric charge to the cathode, pre- 
cipitate gold from the adjacent solution, and this helps matters 
oat. Nevertheless, the travel of the AuCyj( — ) ions to the 
anode considerably retards the precipitation of the gold. 

To illustrate the great difference in the osmotic pressure ex- 
erted by the complex ions as compared with the ordinary case 
of dissociation, the following examples are cited from the work 
of Ostwald and his pupils : 

Ordinary dissociation is represented by the cases of solutions 
of potassium chloride, copper sulphate, silver nitrate, and hy- 
drochloric acid. These are found to be dissociated as follows : 

KC1 = K(+) -|-C1(— ) Practically wholly d(s»ociat«d at — ^ 

CuS0, = Cu(-h)+80,(— ) Practically wholly dissociated at --^?_ 

AgNOu = Ag( +) 4- NO, (— ) Practically wholly dissociated at — — 

HCl = H(-l-) -l-Cl (— ) Practically wholly diBsocisted at ^ 

The above characteristic cases show that the degree of dis- 
sociation varies extremely with different salts, but with many 
substances, like silver nitrate and hydrochloric acid, is practi- 
cally complete at very moderate dilutions. 

Let us take in contrast the case of a complex ion, that pro- 
duced, for instance, by the dissociation of potassium argento- 
cyanide. According to an investigation of Morgan,* the dis- 
sociation takes place in three steps. Of these, the first is very 
complete : 

KAgCy. (±) = K(+) + AgCy, (-). 

(The latter is the "complex ion.") 

* ZeiUck. /Ur Fhys. Ckemie, Bd. ivii., 8. 513. 



!0 THE SLSCTBOHOTIVB FOBCB OF HBTAL8. 

The second occurs in very small amount : 

AgCy^-) = AgOj(±) + Cy(-), 
The third ia in almost infinitesimal traces : 

AgC.r(±)=Ag(+) + Cy(-). 

,M . 
20 

step is almost complete; the second step is 2.76 x 10 M = 5 
per cent, dissociated; and the third step shows of Ag(+)iona, 

3.65 X 10~"m = 3.65 x 108 X 1000 X 10'"= 3.94 X 10~'mg. 
per liter; — that is, there are onlj about four millionths of 
a milligramme of silver in the ionic state in a liter of such a 
solution. 
Let I 

solution. Morgan finds this to be 86.5 per cent, dissociated, 
hence a liter of such solution will contain 0.865 X 108 X -g-^ 

s 
= 4.36 X 10 mg. of Ag(+) ions per liter. 

The ratio of silver ions in the cyanide solution to those in 
the nitrate solution is therefore : 



Hence, there are over a billion times as many silver ions in 

— silver nitrate as in silver cyanide. 
20 ■' 

This makes clear at once the reason of the great difference 
between the osmotic pressure of the silver ions in the nitrate 
and in the cyanide solution, and consequently the reason why 
the electromotive force of silver is so much greater in the 
cyanide solutions. The case of potassium aurocyanide and 
other complex salts is entirely similar to that of potassium 
argento-cyanide. It should be further stated that, according 
to this view, ions can only form or disappear in infinitesimal 
traces, sufficient to bring about a static equilibrium, unless 
they appear or disappear in pairs, positive and negative, ae they 
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do in the continuous passage of the current through the elec- 
trolytic cell. It 18 for this reason that it is necessary to have 
two electrodes to any galvanic cell, one to receive the discharge 
of electricity from the positively electrified eathions, and the 
other to receive that from the negatively electrified anions. 
Without both of these, a eontinuoue current is impossible. 

In considering this case of the Daniel] cell, for instance: 
If we represent the solution-pressure of the zinc by P^, the os- 
motic pressure of the zinc ions present in the ziuc sulphate 
by j»i, and the similar values for the copper by Pj and for cop- 
per ions in the copper sulphate by p^, we shall have for the 
electromotive force of the zinc in zinc sulphate : 

0.0575 , P, 
JT, = log. -J., 

and for the copper in copper sulphate, 
0.0575 , P, 

Either of these alone can give, not a continuous current, but 
only a static charge of ions, which prevents further action ; 
but when they are combined on a closed circuit, as in the 
Daniell or gravity-cell, we have a resulting difference of poten- 
tial: 

0.0575/, P, , PA 

0.0575 , Pi X p. 

On the other hand, in a concentration-cell, with either ot 
these metals (copper electrodes, for instance), one in a strong 
and the other in a weak solution of copper sulphate, we should 
have Pj = Pj in the above formula, and the only difference 
would be in the differing concentration of the ions p^ and p, iu 
the strong and weaii solutions. Making these substitutions in 
the formula, we should have, in this case : 



0.575 



log. J. 
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In thia case it it) evident that the solution-pressure of the metal 
itself plays no part in creating the electromotive force of the 
combination. It is entirely due to the relative number of ions 
prenent in the strong and weak solutions. The solution cou- 
taining the sraaller number of ions per unit-voJume will oppose 
to the solution-pressure of the metal immersed in it the soia-ller 
resistance, and that metal will dissolve and the other will pre- 
cipitate. 

The above outline gives only in the briefest way a, summary 
of some of the hardest thinking and closest reasoning that lias 
been done of late in one of the most important departments of 
physical chemistry. It is, perhaps, too much to hope that the 
concluBions reached are all final. But they rest on such a firm 
foundation of experimental work, and explain so much that is 
othermse inexplicable, that it is certain that they contain a 
large amount of truth. The details will probably be filled in 
quite differently from what we now expect, but the great maae 
seems to be solid gain. The importance of these new views in 
the study of chemical geology and the deposition of ores, in 
every branch of the metallurgical art and in all departments of 
practical chemistry, has hardly begun to be appreciated and 
utilized. It is not too much to say that ionie action lies at the 
bottom of all plant- and animal-life ; and that the new views 
are sure to create a revolution in the study of physiological 
chemistry, biology, pathology and therapeutics. In every de- 
partment of physical science where they have been applied, 
they have acted like a new ferment; this speaks volumes for 
their usefulness and virility.* 

Objeclions to the New Electrolytic Theory. — The above theories 
have not been received without opposition from many chemists 
and physicists of no tittle weight. Many of the first opponents 
to the theory have been overthrown, and point by point has 

* Those who are interested in following up these ideas more at length will find 
the aubjecl treated in exteneo in Ostwald's EkkiriKhentw, ihre OoKhkhle imd Ltkre, 
Leipzig, 189e (1150 pp.), his Chanucke Energie, Leipwg, 1893 (1090 pp.), and 
Nernsl's Theoretische Vhemif, StuUgarl, IS^S (580 pp.). An admirable suiniiiary 
of these views appears in The Elements of Elettro-eheBtalTi/, translated into English 
by W. R. Whitney, from the Oermsn of Le Blanc. Macmillan & Co., Lonilon 
and New York, 1898 (pp. S82). Since thia paper waa presented, another excel- 
lent work has appeared : Theory of Electrolylie IXiaoeiation, by H. C Jones. Mac- 
millan & Co., 1900, pp. 283. 
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been won against the strongest opposition. But the field is by 
no means clear of weighty objectors. The English school, led 
hy Pickering with his " hydrate theory," has opposed most bit- 
terly the new theory of" diesociation. Others, sueh as Cromp- 
ton in England, and Bucherer in Germany, have proposed 
what may be termed the " association " as opposed to the " diseo- 
eiation " theory. The battle still rages. While the issue seemB 
certain in the main to be in favor of the new views, there is not 
wanting evidence of the wisdom of a compromise on certain 
minor but important points. 

It will be noticed that the adherents of the dissociation 
theory neglect in tola the effect of the solvent. Formerly, 
chemists fixed their eyes on the mystic power of the solvent to 
clear up any doubtful question. The new theorists ignore the 
solvent entirely. It is indeed astonishing what they have been 
able to explain without it, but, like Banquo's ghost, " it will 
not down." They have assumed the solvent to be without 
action in brining about dissociation and electrolysis. They 
have regarded it simply as of the nature of a vacuum into 
which the ions were free to expand, and everything has been 
supposed to be due to the pressure of the ions, nothing to the 
medium. 

But already there are signs of reaction. It has been noticed 
that not all solvents are capable of changing salts into electro- 
lytes. Some are almost without effect in this respect. In other 
words, not all liquids are capable of becoming vacua into 
which the ions may evaporate. This fact of itself is enough to 
show that the nature of the solvent is not without influence on 
the dissociation. 

It was next noticed that most of the solvents which enable 
electrolysis to take place contain oxygen, and that of these, 
those possess the power most strongly which contain the most 
oxygen. Next, it was suggested that in all probability oxygen 
is quadrivalent rather than bivalent, as usually supposed. The 
fact that carbon, which is never known to be anything but 
quadrivalent, combines with oxygen to form carbon monoxide 
(CO), favors this view. If oxygen be regarded as at least po- 
tentially quadrivalent, an explanation is at once found for the 
well-known variations in the water of crystallization of salts; 
for Pickering's remarkable series of " hydrates ;" and last, but 
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not least, the idea suggeBts itself: " May not the ions be, not 
merely a dissociation of the diBsolved salt, but an association of 
the dissociated ions with one or more water molecules ?" 

It was first supposed that all solvents capable of forming elec- 
trolytes contained oxygen. This was disproved by the dis- 
covery cited liy Oatwald, that liquefied ammonia (NHJ, a non- 
conductor, becomes a conductor when salts are dissolved in it. 
This was cited to prove that the ionizing force was not due to 
the presence of oxygen. But it was pointed out by Bruehl,* that, 
like oxygen, the nitrogen in NIIj has two unsatisfied valencies, 
which are thus capable of acting like it in producing ionization. 
He predicts that anhydrous HCN when liquefied, as well as PCI, 
and AsCl,, will be likely to have similar eftects for similar rea- 
sons. Nernstf has also called attention to the sigular propor- 
tionality between the dissociating power of solvents and their 
dielectric constant The latter are as follows for certain sol- 
vents : 

Dielectric Constants (Nernst). 

Gbbcs, 1.00 

Hydrocarbons, 1.7 to 2.6 

CSi 2.6 

Ether, 4.1 

Eeters 6.9 

Acetic Acid 9.7 

Alcohol, aao 

Water, BO.OO 

This series might almost serve as showing the relative disao- 
ciating-power of these substances. 

ThuringJ had also called attention to the remarkable differ- 
ence of the dielectric constants between water and ice, that of 
water at 0° C. being 79.46, and that of ice at-2° C. being 
8.36 only. He also gives 10,30 as the constant for liquid acetic 
acid, and 2.79 for solid. In all these cases, the dissociating 
power increased with the dielectric constant. This points to 
relations worth following to a conclusion. 

It does seem, then, as if the adherents of the dissociation 
theory had ignored too much the effect of the solvent, nnd as if 
the final theory must be enlarged to include it. Why should 

• Z./. PV CL, xivii., 819, (1893). t Z. f. Fhys. Ck, liv., 622(1894). 
t Z.f. Phy». Ck, liv., 286 (1891). 
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the action of the solvent be ignored ? Its chemical action, it is 
true, is often slight, but when we take into account the effect 
(in dilute solutions), of its relatively great mass, does not this 
explain why dilute solutions are more dissociated than strong 
ones ? In the latter, the cohesion of the solid still maint^ns, 
even in solution, a certain eftect; but as the mass of the salt 
diminishes, and that of the solvent increases, the latter makes 
up by its mass what it lacks in intensity. 

If the solvent is without effect, why does not the solution- 
pressure of the metals cause them to ionize as freely into a 
vacuum, or into the air? And why should one solvent be ef- 
fective and not another ? 

The dissociation-controversy in England waxed particularly 
warm in the numbers oi Nature pubhsbed in 1897.* 

One can hardly read this discussion without feeling that, on 
the whole, the dissociation theory has the better of it. But the 
associationists, led by Pickering, are not wholly wrong. Pick- 
ering cites one experiment that is worth quoting. He says that 
when a solution of propyl-alcohol in water is placed within a 
semi-permeable membrane, the water from without passes 
through the membrane into the interior. This seems to prove 
that the membrane is pervious to water but not to propyl-alco- 
hol. But, he adds, when the same vessel is immersed in pro- 
pyl-alcohol the propyl-alcohol passes in through the membrane, 
but the water cannot get out. This would seem to prove that 
the membrane was pervious to the propyl-alcohol but not to the 
water. He considers this a reductio ad absurdum. But "Wetham 
points out that the experiment may be interpreted to mean that 
the membrane is pervious to either water or to propyl-alcohol, 
but not to their associated molecules or to the solution of one 
in the other. 

Wetham also points out that the assumption that the ions are 
dissociated from each other does not in any way contradict the 
assumption that they are severally associated in some, aa yet 
unkown, manner with the solvent. 



* Naiure, vol. 1y., Dr. H. E. Annetrong, p. 78, against ; Prof. O. J, Lodge, p. 
151, tor; W. C D. Wetham, for, p. 152; Speocer Pickering, against, p. 22 i; 
Lord tialeigh, p. 2yf, for ; L«rd Kelvin, p. 'i'S, agnostic, iF not wholly skep- 
tical ; Prof. J. Wlllard Gibbes, p. 4m, for, answers some of Lord Keli-in'a objec- 
tions ; W. C D, Wetham, p. (H)S, For, answers Pickering. The diacussiun is con- 
tinued in future, vol. Ivi., p. 29. 
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Lord Kelvin {toe. eit., p. 273) takes an agnostic, if not skepti- 
cal, position. After stating the problem of osmotic pressure, he 
says: 

" No inoleculHr theory can, for K[l|{«r or common salt or Bicohol dissolved in 
vat«r, tell iib what is the true ogmotic pressure against a membrane permeable to 
water only, without taking into Recount Inws, quite unknown to us at preaent, re- 
garding the three ?et«of mulual attractions or repulsions ; (1) between the mole- 
cules of dissolved substance ; (2) betirpen the molecules of the water ; ( 3) betneen 
the molecules of the disMlved substance and the molecules ot the water." 

He follows this with a warning against undue haste in ac- 
cepting theoretical views as settled while they are still open to 
debate. 

On p. 461 {toe. dt.) Prof. J. Willard Gibbea ehows that in the 
case cited by Lord Kelvin, for dilute solutions, where the rela- 
tion of the density and pressure of the dissolved substance be- 
comes like that of a gas, it is only necessary to have a single 
numerical constant in addition to the relation between the den- 
sity and the osmotic pressure to solve the problem. 

It must be remembered that the greatest triumphs of the 
new theory are confined to dilute solutions, but a complete 
theory of solutions must, of course, include all states from the 
dilute solution through the saturated solution to the solid sub- 
stance with its various hydrates. 

In describing the condition of affairs assumed in the new 
theory of ionic dissociation, Le Blanc says :* 

"The parts resulting from the dissociation (the ionsi are electrically charged, 
and contain equivalent amounts of positive and negative electricitj. It is natural 
to ask ; Whence come these sudden charges of electricity? They seem to be pro- 
duced from nothing. An answer that aeema tatisfaclory is not difficult to give. 
It is known that metallic potaxsium and iodine combine to form potassium iodide. 
In this combination heat ia generated, which shows tliat the two have entered 
into a slate in which they contain less energy than before. A certain amount ot 
chemical energy doubtless still remains in the compound, and when the salt is 
disdolvtfd in water, the greater part of this chemical energy is changed into elec- 
trical, through Ike it^laenee of the mli!enl.\ This energy ia seated in the charges of 
the iona. The potassium ion is positively, and the iodine negatively electric. 
By the aid of the electric current, it is poesible to add to tliese ions the energy in 
the form ot electricity necessary to give them the energy they originally pos- 
sessed as elements. In such a case, they separate in the ordinary molecular 
forms at the electrodes." 

• Le Blanc, ElemeaU of EUctro-chemUtn), p. 60. 
t The italics are mine.— a B. C. 
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It will be noticed that ia this explanation of the mode of for- 
mation of the ions on the dissociation hj-pothesis, Le Blanc 
uses the phrase : " through the inftuence of Ike solotni." That is, 
he seems to recognize the need of bringing this inflaence into 
the problem. He does not attempt to show how it acta. But 
if it is able to alter such strong affinities as those of potassium 
and chlorine, or even of potassium and iodine, by changing the 
chemical into electric energy, such action is surely worth 
studying most closely. 

I am firmly convinced that the next great advance will be 
made when the efftict of the solvent is more closely studied. 
But while believing that the association or loose combinatjon 
of the water-molecules with the dissociated ions plays an im- 
portant, though as yet unknown, part in electrolysis, I shall, in 
what follows, continue to use the method of nomenclature 
already in use for the ions, in the absence of a better system.* 

n.-: — Methods Used in This Investigation. 
In looking about for some means of determining the relative 
afiinities of the metals for cyanide solutions, I long ago came 
to the conclusion that the determination of the relative electro- 
motive forces of the metals in solutions of dift'erent strengths 
was the simplest, readiest, and most certain that could be 
selected. For, properly considered, it shows the actual ten- 
dency of the metal to go into solution. My first experiments 
were made in this direction in August, 1896. I made at that 
time a large number of preliminary determinations, the results 
of which were presented in a lecture given February 1, 1897, 
before the California Academy of Sciences, in San Francisco. 
At that time, the curves shown in Fig. 5 were projected on the 
screen by a stereopticon before an audience of 300 persons, 

• H. C. Jones, Z. f. Phyi. CA., xiv., 346, fpves some intereBting determinations 
of the EMF of the combination Ag, AgNO, Aq, AgN(>„ eth}'l-aJcohol, Ag, 
which seem to Bhow that the solution-pressare P may not be a constant for a 
given teinpenitiire, but maj also be a function of the solvent. 

See also J. J, Thomson, FhU. Jl/<ij., xiivi., 320, on the action of the dielectric 
in bringing about diaaociation b; its inductive influence. 

For other attempts to explain the influence of the solvent, see Bredift, Z. /. 
Pkyg. Ck., iv., 414 (1889), "Kinetic Nature o( Osmotic Pressure;" also Noyes, 
Id., v., 53 (1M90), and Kistiakowskj, Id., vi., ll-i (1890), "Bpecitic Attrattioni 
in Salt Solations." 
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The resultB of these experiments have filled me with con- 
Btant Burpriae, when I have noticed what apparently slight 
causes were capable of making great changes in the electro- 
motive force of the same metal. The great delicacy of the 
method proved to be the chief source of difficulty in its appli- 
cation, while at the same time it reported faithfully the facta as 
they exist in nature. 

Two methods have been used in these determinations, the 
first being what I have, for brevity, called the " Deflection " 
method, and the other the " Compensation " or " Zero " method 
of Poggendorf. 

In each case an electrolytic cell is constructed with two 
electrodes, each immersed in a separate solution. One, con- 
sisting of the metal to be tested, was held in the points of a 
platinum-tipped pair of forceps, electrically connected with a 
galvanometer, and was immersed in a vessel containing the 
cyanide solution of the given strength. The other was in all 
cases the " normal " electrode of Prof. Ostwald, consisting ot 
mercury, electrically connected with the galvanometer by 
means of a glass-coated platinum wire. The surface of the 
mercury is covered with a layer of mercurous chloride, a 
couple of inches thick ; and a solution of chloride of potassium 

M . . 
of one gramme-molecule — (in this case also a normal solution). 

The two vessels containing the electrodes are connected, as 
shown in Fig. 3, by means of the tube C and the siphon D, the 



electrode. I have added a small tube E, ordinarily closed with 
a cork, for the purpose of displacing at intervals the solution 
in the siphon D with freah KCl solution, to avoid the difiusion 
of the cyanide solution through the latter back into the normal 
electrode. For the same reason the position of the normal 
electrode is ordinarily a little higher than that shown in the 
figure, so that any accidental action of the siphon shall be 
rather away from the normal electrode than into it. 

The purpose of the normal electrode of Ostwald is to have 
a non-polarizable electrode in a solution of known strength and 
electromotive force. This is fixed at — 0.560 volts. That is, in 
the case of the normal electrode, the quicksilver ions tend to 
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precipitate themselves on the surface of the mercury, and the 
solution ia therefore negative to the metal by 0.560 volt«. That 
IB, the positive current tends to flow through the solution to the 
mercury, which becomes poeitively electrified, while the solu- 
tion itself becomes negatively electrified. 

Tfow, if we neglect the slight electromotive force due to the 
contact of the two solutions, the resulting electromotive force 




OSTWALD'S NORMAL ELECTRODE 

of the combined cell is the algebraic sum of the electromotive 
forces active at the two electrodes. Hence, if we subtract 
0.560 from the EMF of the cell, we have the EMF of the 
metal under consideration. The algebraic sign indicates the 
direction of the positive current. 

The Deflection Method. — This method is much the most con- 
venient for such investigations, particularly in the first rough- 
jng-out of a large amount of material. "With proper precau- 
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tiona, it givea results not less reliable than those of the zero 
method ; and it has the great advantage over the latter that the 
rapid changes of electromotive force may be followed almost aa 
they occur. 

The method is illustrated in Fig, 4. B is the cell contain- 
ing the cyanide solution and the metal M to be tested ; NE 
is Oatwald's normal electrode; K is a resistance which varied 
in the tests from 80,000 to 200,000 ohms; G is a Wiedemann 
reflecting galvanometer ; K, a make-and break-circuit key ; and 
C, a commutator. 

Fig. 4 




The galvanometer was calibrated by replacing the cells B 
and NE with a Latimer-Clark cell, prepared according to the 
directions of Ostwald, and noting the deflection produced by its 
voltage through the given resistance of 30,000 to 200,000 
ohms. The voltage was taken as EMF = 1.438 — 0.001 
X {t° — 15° C.) volts. 

M 

Most of the concentrations of potassium cyanide were -- 

(one gramme-molecule, 65 grammes per liter, or 6.5 per cent.), 
or fractional multiples of this in tenths. Thus the series used 

„ ,, MMMMM M M 

was irequent V ■ i - 1 — , — , 1 ■ -i 

^ -^ 1 ' 10 100' 1000 10,000 100,000 1,000,000 

As there is no little difference in the methods of notation in 
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use, and much reeulting confusion, the following methods of 
notation will always be used in this paper : We shall follow the 
motion of the positive ions through the solution, and the mode 
of notation will depend entirely on that. When the motion of 
the positive ion in the solution is from the metal to the solution, 
the metal is said to be electropositive, because it gives up posi- 
tive ions to the solution and causes the solution to become posi- 
tively electrified, itself becoming at the same time negatively 
electrified, Bucb, for instance, ia the case of zinc in a solution 
of zinc sulphate. When, on the other hand, the solution gives 
up positive ions to the metal immersed in it, as is the case with 
copper in a solution of copper sulphate, the metal is said to be 
electronegative, for it causes the solution in which it is im- 
mersed to become electronegative, itself, at the same time, be- 
coming positively electrified. The quicksilver in Ostwald's 
normal electrode is another example. The + or — sign, then, 
here indicates the direction of ionic motion, and simply shows 
whether the given positive ions tend to flow away from the 
metal into the solution or towards the metal from the solution. 
That is, whether the " solution-pressure " of the metal is greater 
or less than the " osmotic pressure " of the ions in solution.* 

Now, when an electropositive and an electronegative metal 
are coupled, the direction of flow of the ions of both through the 
solution is the same, and the electromotive force of the com- 
bination is the arithmetic sura of those of the ingredients. 
When two electropositive or two electronegative metals are 
coupled, the ions tend to flow through the solution in opposite 
directions; hence, the electromotive force of the combination 
is equal to the arithmetical difference between the separate 
electromotive forces, the direction of motion, and henc^ the 
sign, being that of the greater. 

In combinations in which the Ostwald normal electrode is 
one member, we know the amount and direction of one elec- 
tromotive force ; and henee, when we measure that of the com- 
bination, it is easy to calculate that of the other (neglecting 
the slight electromotive force due to the contact of the solu- 
tions).! 

* With regard to the aQiong, tbe -|- and — aigna have an inverse meaning, 
t This, except in casea of great differences in the concentration of the boIq- 
tlnns, has been aliown to cause an error of onlj a fen thousandths or hundredths 
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ThuB, if, against the normal electrode, 

solution of KCy gives an EMP = + 1.55 volts,— that is, if the 
current flows from the aluminum to the mercury, the same as 
in the case of mercury, — it follows that the EMF of the alumi- 

num in ^ KCy will he + 1.55 — 0.560 = + 0.99 volts. 

Again, if a strip of amalgamated zinc under similar circum- 
stances gives a voltage of + 1.49 volts, the EMF of amalga- 

M 

mated zinc in a — KCy solution will be + 1.49 — 0.560 = 

+ 0.93 volte. 

In making the determinations, it must be evident from the 
formula that, if there are few ions of the given metal present 
in the solution at the start, the introduction of a very few more 
will make great changes in the value of the EMF. 

P . 

For in loff. - it must be evident that, as P is constant ("for a 

=' p \ 

given temperature), the value will depend entirely on p ; and 
the smallerp is, the greater will be the efl'ect due to slight changes 
in p. Hence, it will be impossible to get constant values for 
the EMF, unless the value of p is nearly constant ; that is, when 
the solution is saturated with ions at the given temperature. 
That is the ease with the normal electrode, where the mercury 
lies in a saturated solution of mereurous chloride. The mer- 
cury is thus in equilibrium with its ions, and a constant EMF 
results. 

To get perfectly constant results with cyanide solutions, it 
would be necessary to have the solution saturated with the 
cyanide of the metal in question. But while this would give 
us a very satisfactory electromotive series, it would not give us 
a measure of the action of the unsaturated cyanide solution, 
just as it acts on the ores. We must, therefore, be content with 
results that are not entirely concordant, and take the best of a 
large number of determinations. 

The strips used were always freshly burnished with sand- 
paper, cooied, and touched to a grounded platinum wire to dis- 
charge any electricity with which they might have been charged 
in burnishing. 

Preliminary Results with the Deflection Method. — The following 
preliminary results were obtained in October to December, 1896, 
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Table I. — Bkctromotive Force of Metals in Cyanide Solutions. 

Deflection Method. Preliminary Experiments. 

October-December, 1896. 




with some of the common metals and minerals. The metals 
were good commercial articles, such as are in use in the arts, 
except in the case of gold, silver and quicksilver, which were 
chemically pure. In the case of some of the minerals, such us 
zincblende, stibmte, etc., the electrical resistance was probably 
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BO high in comparison with that of the intercalated resistance 
that the results may be somewhat low. 
Nevertheless, they give at once some important relations 

Fig. s 





v'jLjrs MM y — 6, ,"/ K;y 






_^—' -^ jlnc AnuJ, 


' '^ / — " ~ 1 












_^ ^,., ^ = 4^ ^^ 










z.Jo.o^,^ ,^'-r---^ :'„_- j:|r 






cipper. ''^'x' 1 1 ' 


--^ + -_,' -.^--:^'--^ ■ r^_i— ^S^n, 






M,L 1 '^ ^■'^ ' ] 




B 'rti'lii ■ ' ^Tl 








B vei- - — ■ -^ — — d^ ^ "7 ftsl uuin 








--^^^^"^'''^ ■ — ' ■ — ; ' j- ■ 






II.. 1 


1 I oc 1 



PRELIMINARY RESULTS. OCT.-DEC. 1896. 

which must exist whenever the cyanide process is applied in 
the treatment of ores. 

The electromotive forces of the metals and minerals marked 
with an asterisk in the above table have been plotted in Fig. 5. 
The Y axis shows the potential in volts, the X axis the con- 
centration in gramme-molecules and also in percentage of KCy. 
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It will be noticed that in most caees the curves approximate 
quite closely to the logarithmic curve which theory would give 
(see Fig. 2), supposing the osmotic pressure of the metallic ions 
present to be inversely proportional to the concentration of the 
free potassium cyanide present; butthey have different origins. 

It will be noticed that the electromotive force of commercial 
sheet-zinc is increased by amalgamation, probably by reducing 
local action with some of its impuritiee, by which some of the 
current produced is sbort-circuited. In all the other experi- 
ments, amalgamation reduces the electromotive force of the 
combination. 

With some suhstanees, particularly aluminum, copper, iron, 
platinum and gas-carhon, it was very difficult to get concordant 
results; with aluminum and copper this seemed to be due to 
a tendency to form an insoluble film on the surface of the 
metal, which put a stop to further action. "With copper and 
iron it was also possibly due to a tendency of the metals to a 
change of valency, which is accompanied by a change in the 
electrical state. With platinum and gas-carbon, it was not im- 
probably due to a varying content of absorbed gas. 

In testing the minerals, it was in all cases difficult to get a 
complete electrical contact between the tips of the platinum 
forceps and the rough surface of the mineral fragment, so that 
the results are only provisional, particularly as the resistance in 
. some of these cases was very high. Nevertheless, the results 
are very interesting. They show, for instance, that not all 
copper minerals have a strong action on the current. Pure 
chalcopyrite, for instance, has hardly more action than pure 
pyrite, while bornite and copper-glance have a very decided 
tendency to go into solution. Cuprite is also apparently very 
little acted on, though this may be due to its high resistance 
rather than to a lack of tendency to dissolve. The soluble salts 
and minerals of copper could not be tested in this manner, ow- 
ing to their non-conductivity. 

It is plain, however, that pure chalcopyrite, galena, argen- 
tite, magnetopyrite, fahlore, arsenopyrite, blende, boulangerite, 
bournonite, ruby silver-ore, stephanite and stibnite, when free 
from their oxidation-products, are apparently very little acted 
on by cyanide solutions. 

It is also plain that a particle of metallic gold, in contact with 
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a particle of pyrite, forme a { 



100 
lutiou, + 0.57 volts. With zinc under tHe same cireumstaneee (if 



zinc), taking the zinc as the more electropositive metai, and 
subtracting the potential of gold, we have differences of + 0.56 
volts, + 0.54 volts, and+ 0.50 volts. In short, these figures 
would measnre the tendency of the zinc to dissolve, or of the 
gold to precipitate in KCy solutions of these strengths. 

According to these figures, the precipitating power of the 
zinc seems to hold up quite well for the dilute solutions. The 
actual failure to precipitate the gold, sometimes met with in 
dilute solutions, is no doubt due to films of cyanide or hydrate, 
of zinc, which form incrustations on the surface of the zinc and 
thus prevent contact. The fact that the use of a small amount 
of fresh cyanide or of caustic potash in the zinc-boxes starts 
precipitation again, seems to favor this explanation. 

The Zero-Method. — This method is shown in outline in Fig. 
No. 6. NE is the Ostwald normal electrode. B is the cell 
containing the cyanide solution in which, as before, is immersed 
the metal M to be tested. At G is a galvanometer. At R is a 
resistance, graduated, in my experiments, into 10,000 parts, A 
storage-battery of two volts and the comhination-cell KE-B are 
so connected that their positive poles are both connected at the 
same end of the resistance R. The negative pole of the storage- 
battery is attached to the other end of the resistance R, so 
that the whole current of the storage-battery discharges con- 
stantly through R. The latter should be great enough to 
avoid heating, and to maintain a constant potential between the 
ends of R. The other terminal of the combination (the nega- 
tive pole) is then moved along the resistance R till some dis- 
tance, a, is reached at which the EMF force of NE— B is exactly 
balanced by the EMF force of the storage-battery for that frac- 
tion of R represented by a. In this case there is no deflection 
of the galvanometer ; at other points the galvanometer will be 
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deflected either to the right or left, according as too much or 
too little EMP is used to balance NE-B. The EMP of the 
storage-battery, is, of course, first calibrated by comparing it 
with a standard Latimer-Clark cell, placed where NE— B is. 

This method of determining the EMF of a cell is deservedly 
considered one of the most reliable. With non-polarizing cells, 
it certainly leaves nothing to be desired. But, in investigations 
of this kind with cells that are easily polarized, accurate results 
are obtained only by a long numberof very tedious approxima- 
tions, which render the work almost interminable. For it is, 
of course, impossible to hit the right balance at first; and, if 
the connection is made at any point except the right one, the 
' Fig. 6 




POQQENDORF'S COMPENSATION -METHOD. 

B. OtIIOoIiUilIlllwOTuldcSDniUDa) R, RnMilDce Gndnlliid Into lO^UU PuUi 
ME, 0«t»ld'i Honwl naclriKlai o. WledHauu'i ReSecUut Odtuotiwler. 

metallic electrode will receive either a positive or negative charge 
from the storage-battery, and a true reading will be thus made 
impossible. It is necessary to change the entire solution in B, 
put in new electrodes at M, drive out the diffused cyanide 
solution from NE, and so on, till these operations have been 
repeated perhaps a dozen times. If this is not done, the results 
are very unreliable. "With the deflection method, on the other 
hand, the observations may be made very rapidly, and though 
there is a tendency for the readings to be a little low unless they 
are quickly made, still, with a high intercalated resistance, and 
a delicate reflecting galvanometer, this method seems to be re- 
liable for these quickly polarizing electrodes. 

As I have already stated, and as was first pointed out by Ost- 
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wald, atriijtly concordant reaulte are possible only when the 
electrode is surrounded with a medium already saturated with 
its ions. 

I had intended to verify the results in Table I. with the zero 
method before publication, but although I had all the apparatus 
set up for over two years, ready to begin at any time, I was 
prevented by the constant pressure of routine-work from 
touching it, till shortly before the time set for the San Francisco 
meeting of the Institute, in September, 1899. Meantime Prof. 
A. von Oettingen, professor of physics in the University of 
Leipzig, read a very valuable paper on this subject before the 
Chemical and Metallurgical Society of South Africa, in Jan- 
uary and February, 1899. In this paper he gives the results of 
a large number of determinations which he made of the elec- 
tromotive force of metals in cyanide solutions by means of Pog- 
gendorf s compensation method, or, as I shall call it for brev- 
ity, the zero method. 

Professor von Oettingen's results are given in Table 11. 



Table II. — Potentials of Different Metals in Contact with 

Solutions, at 25° C. 
EiperimeolB of Prof. A. von Oettingen, Jour. Cheat, and MdaUurgieal Soc. S. 



KCy 







January a 


ad February, 


1899. 






Mkc, 


«KCy 


^KCy 


4^^^ 


1^-^-^- 


VollB. 


Volts. 


volts. 


Veils. 


Volts. 




f +0,S40 to 
+0 306 

+"ji8nio 

+0"924 

-oi^BOto 
WI94 

+0.(B6to 
-0.146 

+0,160 const. 
( +n.»24 const. 


f +O1JI0 to 
\ +0,218 

1— O.flSOlo 
\ +0,648 

f+o:os4to 

-0^7% to 

To,iioto 

f+0,T90lo 

i+o.aoo 


f -0.092 to 

l-o.aw 

-0.020 const, 
f— 0.212* to 

{zSimo*" 

1 -0.062 to 

f +0.580 to 
UO-604 


1-o;apo 
r— O..woto 
1-0.230 


-0.308 to -0.830 
+0126 const. 


Hg 


' 




f-o.floeto 

i +0.OM 


K^..,,, 


+0.480 CODSt. 


Zn 



* On moTing Che fluid tlie potential suddeni; riseg. 

t The potential changed suddenly from — 0.121 to -1-0.118, then remained 

(Note the discrepancy between —0.220 in the table and —0.121 in the foot- 
note.) 
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The above results were all obtained by the Poggendorff 
compensation or zero method, the Lippman capillary electro- 
meter being used as an indicator instead of a galvanometer. 

Prof, von Oettingen says of these results : 

" The two figures in each column refer to the first and last observationa on each 
metal, the intermediate values being omitted. The time occupied by the change 
is very variable ; Cu, for instnnce, toolc an hour. Wlien no changes occur, this is 
indicated by a constanl. The changes of potential are not always in the same di- 
rection ; sometimes decreasing, anmetimes increasing. But the direction of the 
changes in any given metal is always the sSime." 

It will be noticed on examining the table that this last sen- 
tence is not correct (unless there should be a typographical 
error in his table). For gold, silver, copper, cobalt, ferric oxide 
and lead peroxide, the highest value for the same metal is some- 
times the first and sometimes the second value. In the case 

100 

-!- 0.380 volts— a difference of 0.592 volts. I shall speak of 
the probable cause of these differences later.* 

• Tliere are some other potential differences given hy Prof, von Oettingen which 
J include here. 



Hg^O. 



- = —0.99 volts. (Ostwald), y Solutions. 
MgSO, " 



= +1.243 " 

= -1-0.158 " 
—0.08 



CdSO." 

^Pb 

Pb(C,HA)i' 

- = —0.582 volU. 



CuBOi" 

.>K -=—1024 " 
Ag,SO, 

.,~^r ~ —0.500 (Ostwald's normal electrode.) 
Hg,tl, 
Prof. Ton Oettingen himself determined the following also (all at 25° C. ). 

Aa _ 

AuCl(conc.) 



—1.04 to 1.42 volta, variable. 



jAiiCI, = — 1.134 volw. 
^ ^"—r ==—1.09 volts. 
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In order to make more clear the meaning of Prof, von Oet- 
tingen'a results, I have plotted them in Fig. 7 aa mine are 
plotted in Fig. 5. In the figures, x is made to mark the molec- 

, ,. M M M M ,. . . ,. 

ular concentration — , — , — --, ; the ^ axis shows the po- 

tential in volts. The designation Zinc 1 means that this wae 
the first value obtained with zinc, the designation Zinc 2, the 
final value, etc. It will be noticed that sometimes the first 
value is higher than the second and sometimes vice versa; hut 
the results are not consistent throughout, sometimes crossing 
each other. 

The first curves of each metal, except mercury, approximately 
follow the logarithmic law (on the assumption that the num- 
ber of metal ions is inversely proportional to the potassium 
cyanide concentration). Evidently the curves will cross the X 
axis at dift'erent points, and not usually at a molecular con- 
centration M == 1, unless it should accidentally happen that 
p 
— =; 1 for M = 1. The second curves of zinc, copper, gold 

and silver, also approximately follow it. But the second curves 
of mercury, cobalt, nickel and iron depart considerably from 
it. It is possible that these departures are due to polar- 
ization eftects, as already explained. The irregularities are 
much more marked than with the deflection-method. With 
that method, provided a sufficiently large resistance is used, the 
first deflection is the greatest, and is taken as the reading 
nearest to the truth. The deflection then gradually falls (often 
quite rapidly, if there is a formation of gas on the face of the 
electrode); but the eleeti-omotive force never rises unless the 
first eflectof the current is to produce a film of gas or insoluble 

^p-tVr-v = — 0-£6 to +0.03, very variable. ~ = -f 0.21 volts. 

a^ .,'^». = o«o.m..... 

^ KCyS = —0.36, Tariable volte. 



Ag 
KCy l,sat. ) 



= +0.536 volts. 



^KCj8 = — 0.40 volts. 
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cyanide which puts a stop to the curreat, either by setting up 
an opposing EMF or by preventing or reducing contact by its 
resiBtanee. In this ease, shaking the solution or jarring the 
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E.M.F. OF METALS IN CYANIDE-SOLUTIONS. 



x-M. y-7r-.058 log ^ Vofti. 

electrode asually gives an increase of the EMF by destroying 
the film in part; but, if the metallic surface is untarnished to 
begin with, the EMF rarely rises again to its first value. ' 

Nem Method of Ptottuig Results. — The method of plotting 
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results hitherto used, while it shows very well the near apT 
proach of the curve to the true logarithmic curve, has the dis- 
advantage that only three or four xalues for the tenth ratio can 

p 
be plotted. If, however, instead of making x ^ , as we have 

I* V 

done,weletx = log.--, and plot the curve y = 0.058 log. - volts, 

the curve becomes a straight line passing through the origin 
at 0. For x = 0, y = 0. 

p 
This curve is plotted in Fig. 8 for values of x = log. - 

from -f 13 to — 12, which gives voltages from -f- 0.755 to 



infinity to 40. It shows what an enormous change in the value 

P. 

— IB necessary to produce a very moderate change in the volt- 
age. Thus, to produce a change of 2.32 volts, a change in the 

. p 
ratio- = lO*** (or ten to the fortieth power) is necessary. 

In our experiments, of course, we do not know the value of 

P 

- , but as a first approximation we may assume it inversely pro- 
portional to the molecular concentration M X 10". 

On the axis of x is plotted the logarithm of the molecular 
concentration expressed in the powers of 10. Thus: x ^log. 
M =^log. 10±". The y axis gives the EMF in volts. For 
comparison the theoretic formula of Nernst is also given. 

If we plot Prof, von Oettingen's results, as in Fig. 9, on this 
plan, they become at once more intelligible. "We see at once 
that all the curves do not remain straight lines. The zinc fol- 
lows along very nearly in the theoretic straight line. The 
copper starts well, but soon falls quite rapidly, due probably to 
increasing dissociations. The gold and silver approximate 
fairly well, also; but the rest depart from it considerably. 

Comparison of ike Dejkction and Zero Methods. — Since the 
results of Prof, von Oettingen were published, I have thought 
best to try the zero method as well as the deflection method, 
and to compare the results so far obtained with each other. I 
have also decided to plot the results by the same method as 
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sliown in Fig. 8, as it enables us to compare the reaulte over a 
wider range of dilution than the former method of tabnlation 
would cover. 
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After the foregoing description and discussion of the ■* 
methods employed in this investigation, the reader will be able 
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Fig. 8. 
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E.M.F. OF METALS IN CVANIDE- SOLUTIONS. 
Trot. V. OelUiigBi Df Lelpdc. (J. Cbeni. nad Met Boc H. i, ttb. un.) 
On the horizontal (i) axis are laid off the values of log, M = log. 10' ; on the 
vertical (j) axis, the actual Tolts. 

to atudy intelligently the tabulated results of the tests herein- 
after stated. 
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m. — ^Results of Experiments. 
The following tables show, for the several metals tested, my 
own results, obtained at diiFerent times and by different meth- 
ods, a» well as those of Prof, von Oettingen. In every case, 
each observation was made independently, without' regard to 
the ultimate result of its reduction. But the later readings are 
more reliable than the earlier, because a certain knack in catch- 
ing the needle at its maximum position, before the voltage be- 
^ns tt) fall, was acquired during the work. The tables give 
the readings as reduced from the actual observations, without 
attempted correction ; but when any anomaly rendered the ob- 
servation uncertain, this is indicated by a(?). Such was the 
ease particularly in the readings with distilled water (M divided 
by 00 ), which were very uncertain, especially for easily oxidiz- 
able metals like zinc and iron. 

Table III. — Electromotive Force of Zinc (Commercial Sheet, 
Bm-nished) in KCy. 



Carve. 


C-). 


<w. 


(«}. 


(rf). 


w. 


(/I. 


07)- 


Nole^ook Bl. p.ge.. 


ChriBty. 
VolCa. 


''«:;- 


Christy. 

VoltB 

-M).sa6 

+0.8'» 

+0.25S(?) 


Sep. 4, 'M 
Dtflect.1 
100,000 

Cbrisly. 

Volta. 

+0.l>06 

+0.815 

+0.730 

+0.300 

+0570 

+0.Z70(?) 

+0.28i(?) 

+0.Z4O(?) 

+0.360(7) 


mroo 
Christy. 
Volta. 

+0.9145 
+0.3861 
+0.7868 
+0.3711 
+ 0332 
+0.3321;) 
+0.332 m 
+0.298(7) 


le^. 


Feb.. '9»' 


gstlhs; 




IB'C. 
CLrtoty. 

Volte. 

+0.948 
+0.681 

+0,415 
+0.885 (?) 
+0,S» 
+0,383(7) 
+0.372 (?) 


Vou Oel- 

"vX' 

+0.924 

+0.680 
+0.480 


VOQ O^t- 
+0.940 

+O.GM 
+0.4B0 




EMF 


(N.E. = ~O.M01 

Conceii [ration : 

KCy« 

M 


M 


+0.685 
+0.8S5 


^M 


'■7 

ioioiw 

lOO.OM 

u 











"'-«■«' 


+0.1M1(7) 









* Used same strip of zinc throughout experiments, burninhing each time. 
Tested troQi strong to weak solutions. + Used new burnished strip each time. 

X Same strip, burnished each time. Tested from weak to strong solutions. 

I Fine bubbles form on zinc and then voltage falls. Shaking causes babbles 
to escape, and voltage rises. [! Below this, no gas-bubbles visible to naked ef e ; 
but voltage falls, and then rises on shaking. 
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Experiments with Commercial Sheet-Zinc. — Experiments were 
made at different times, with both the zero and the deflection 
method, on the ordinary commercial sheet-zinc, such as is 
actually used in making zinc-Bhavings for precipitating gold. 
The results are given in Table III., and those of Prof, von 
Oettingen have been introduced into the eame table, for com- 
parison. 

These results are plotted together for comparison in Fig. 10. 
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E.M.F. OF ZINC IN KCy. SOLS. 

Od the borizoutal (i) axis are laid off the values of log. M^=log. 10"; on the 
vertical (y) aiia, the actual volta. 

cent., the curve nearly follows the theoretic straight line, 

M 

Curves a, f and g appear to follow it to ^^^ or 0,0065 per 

cent., but for more dilute solutions beyond that point the curve 
approximates a horizontal straigh tline. This, according to the 
Nernst theory, would mean that the number of zinc ions in such 
solutions remains nearly constant. In spite of all the irregu- 

M 

larities in the curves, the point — 3 or ___ or 0.0065 per cent. 
^ 1000 ^ 

KCy is evidently a critical or inflection-point in the curve. 
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The results obtained with high dilutions of cyanide and with 
distilled water were very uncertain, probably because of the 
formation of insoluble films of oxide of zinc and occluded hy- 
drogen, which prevented the accurate reading of the needle. 



Table IV. — Mectromolive Force of Copper (Burnished 
in KCy. 



Sheet) 



Note-book Bl,i«ge-- 


«, 






ReslB. obma 

SSS'r:t:::;;:;;- 


iiio,ood 

23° C. 
Christy. 


EMF 

(N, E. = -0.f60) 


Volls. 


«'? 


+0,980 










WO 


+0.370 










10.M0 

^■r 

5(- Hrf)) 






-0.5«0(?) 



(c). 


(d). 


«). 1 


1SS , 189 ' 
8ep.6,-9»Se|.«,'99 
Dtfltct. Zero. 

w'c. . i'8""c! 
Christy. Christy, 


190 1 

•JOU.OOO 
Christy. 1 


VoH«. Volts. 


Volte. 


+0.90S +0,811 (?) 


+0 


800 ■ 




+0 


€60 


+0.310 


+0,356 


+0 


H9 


-O.OBR 


-0.04B 


_<l 


IS! 


-O.Ml 


-0.230 


-0 


SH 


—0,299 


-0.2T2 


-0 


B8; 


-O.SH 


-0.282 


-0 


«2 


-0,928 


-0,313 


^ 


.50 



Piiblah'd.lPuW^'d 



+0,921 +0.8M 



-0.212 +0.380 



In my results with the deflection method, I have always taken 
the highest reliable reading as the most probable result. It was 
often quit* diflieult to make sure of the proper reading, as a 
slight insoluble film of cyanide of copper formed almost iu- 
Btantly, and this lowered the potential almost before a reading 
could be taken. On agitating the copper, so as to bring it into 
contact with fresh solution, the potential would gradually rise 
to a maximum, after which, on being left at rest, it would again 
fall oft' more gradually. It is possible, also, that the tendency 
of copper to form cupric, as well as cuprous cyanide, may in 
part explain the discordant results, such, for instance, as that 

obtained by Prof, von Oettingeu with J^* KCy solutiojij^ He 

says in a footnote concerning this case, " On shaking, the poten- 
tial Buddenlj rises from — 0.212 to + 0.380." 
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The peaultB contained in the above table have all been plotted 

in Fig. 11. The mean results of these curves show a tendency 

M , ^ M 
dowu to - 

OP perhaps to /'^„^ ; that is, from 6.5 down to 0.00065 per 
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E.M.F. OF METALS IN KCy SOL. 
COPPER. 

On the horizontal (x) axis are ]aid off the valnea of log. M = log. ]()■ ; on the 
vertical (y) axis, the actual volts. 

cent., when it breaks off sharply and runs along flat again, just 
as the zinc-curve did. 

On plotting the gold-curves, as has been done in Fig. 12, it 
is evident that the gold follows the logarithmic law fairly well 
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Table V. — Ekctromotm Force of Gold in KCy Solutions. 



Curve. 


(n). 


(6X 


(e). 


i.d)- 


(*.). 


(«.)- 


Note-book, Bl.pagc 


71 
Oct. 20. -^ 
^'^^■ 

jw.ooo 

Chrlsly. 
Volta. 


f6 
Dec 12. 'M 

Christ;. 
VolHt. 

+o.m 


88 

Deo. 14, -K 

Deflect. 

60.000 

CUrlslV. 

Volti. 

+0.468 
+0,420 

-H).336 

+0.289 
+0.178 

+O.0B3 
+0,073 

-o.ors 


..Q.'^ 


F.-b,!-M 
VonOe^ 


Published. 
Feb.. 'O* 








20»C. 
Christy. 

Volts. 


Von Oet- 


EMF 


Concent'n. KCyV" 











ffi;::::::==r 








-f0,366 


+0,418 


+0.S40 


+0.308 


S- 


i 










+0.233 


.o.no 


+0.28. 


«.„ 


+0.218 


X 


20 i 






40 

u 

s 

luo 

M^ 










-0.092 


+0.08T 


+o.n« 

—0,099 
--0.244 
-0,828 

-o.4sa 

-0.433 
-0.S54 
—0.560 
-0.5S1 


+0.«5 


-0.056 


-0.380 ■ 




I.I. 




t 

■ff 

v 


-0,348 


-"' 















'I^ 






•■!!•■ 













H 


-0.622 







^r 






iM«^" 

?(-H,0) 






= 


— 0.560 (!) 


-0.a98 


Sep. J, '99 
Deflection. 

— o'.TOH 









as far as - or 0.065 per cent. KCy. A considerable fall of 

M " 

potential occurs, accordinc^ to my experiments, between -~ 



osmotic pressure, probably due to an incriasing dissociation of 
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the potassium aurouB cyanide. This point seems again a criti- 
cal point in the curve, which, beyond it, runs off more flatly, 
indicating an approach to a constant osmotic pressure of the 
gold ions. 
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GOLD IN KCy. 
On the horizontal (i) aiia are laid off the values ot log. M ^ log. 10° ; o 
vertical (y) aiin, the actual volts. 



ElectTomolwe Force of Gold in KCl (aid KHO. 

In order to bring out the effect of the potassium cyanide in 

reducing the osmotic pressure of the gold ions in the solution 

(according to the Nernst theory), I append the following ex- 



periments on the electromoti 

potassium chloride and 

given in Table VI., and are pi 



force of gold in solutions of 
um hydrate. These results are 
lotted in Fig. 13. It is evident 



that there is a very much smaller electromotive force in each of 
these cases. It is particularly low in the case of potassium 
chloride. According to the Nernst theory, the solution-pres- 
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Table Yl.—Meetromoiive Force of Gold in KCI and KHO. 


Curve. j («). 


(ft). 




160 

Aug. 10, '99 

aO,i:00 

19= G 

Christy. 


159 
Aug. 10, '99 
bO,000 
18.5° C. 
Chriety. 
Volts. 
KHO. 

-0.381 

-0.422 
-0.468 




Keaistance.ohms 


Observer 


Solutioo 

M 


KCi. 

-0.487 
-0.510 

-0,6S 


i 


10 

M 


M 


i.ooo" 

M 


-0.505 
-0.526 


W.«» 


100,000 


1,000,000 





































FIB. 
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b. KHO. Dsfl. t. larfa c 


^tr 














































mnr 




























































































y-7T-<MSMioft ^t VoiB 
















































































































































































































































































































































































































































































































































































































































b 












































































































— 






- 


































h 



































































































































































































































































































































































































E.M.F. OF GOLD IN KCI AND KHO SOLUTIONS. 
On the horizontal (x) axis are laid off the valuea of log. M =1. 
vertical (y) aiia, the actual volts. 
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sure of the gold ia the same in each of these aolutiona; that is, 
the pressure with which the gold tends to go into solution is 
exactly the same (at a given temperature), whether the gold is 
immersed in either potaesiura cyanide, potassium chloride or 
potassium hydrate. But the number of gold ions in each solu- 
tion, and hence the resulting osmotic pressure, is very difi'erent. 
According to this theory, it is least in potassium cyanide, much 
greater in potassium hydrate, and greatest of all in potassium 
chloride. Consequently, the EMF varies inversely as j), ac- 

p 
eordinir to the ratio log 

The curves in both cases run rather fiat, indicating an ap- 
proach to a constant osmotic pressure for high dilutions. 



Table VII. — Electromotive Force of Silver in KCy. 



Curve. 


(a). 


m. 


«)■ 


(d). 


Not«-book Bl, page 


Oct. 20, '96 
Deflect. 
100,000 
23° C. 
Christy. 

Volts. 

+0.326 
+ 0.152 
-0.054 
-0.360 

-0.572 


170 

Aug. 19, '99 

Zero. 

19"'C. 
Christy. 

Volts. 

+0.345 
+0.194 
+0.058 
-0.308 
-0.417 
-0.457 
-0.498 


Published. 

Jan., '99 
Zero. 

25=C. 
Von Get- 

+0.340 
+0.180 
-0.092 
-0.414 


Published. 

Jar., '99 

Zero. 

25"'C. 
Von Oet- 

+0.306 
+0.218 
-0.156 
-0.474 
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E.M.F. OF SILVER IN KCy. 

On the horizontal (i) aiis are laid off the values of log. M = log. 10^ ; o 
vertical (j) aiia, the actual volts. 

Table VIII. — Electromotke Force of Lead in KC>J. 
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E.M.F. OF LEAD IN KCy SOLUTION. 
Od the horizontal (i) asis are laid oft the values of log. M = log. 10" ; oi 
vertical (y) ails, the actual volls. 

Table IX, — Electromotive Force of Mercury in KCjj. 
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Aa a check on the foregoing results, I am able to quote the 
observations of an independent observer, Brandenberg.* He 
conducted a number of experiments with mercury in various 
depolarizing solutions. Instead, however, of using Ostwald'a 

normal electrode, he used as one electrode mercury covered with 
sulphate of mercury (instead of the chloride used in Ostwald's). 
This electrode was then connected, by means of a siphon con- 
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E.M.F. OF MERCURY IN KCy SOLUTION. 

On the horizontal (ic) axis are laid off the values of log. M =^ log. 10° ; 
vertical (y) axis, the actual volta. 



taining a neutral salt in solution, with a vessel containing mer- 
cury covered with the various solutions to be experimented on. 
The solutions he experimented on to find their ion destroying- 
power, or their power to form complex ions with mercury, were ; 
potassium sulphide, potassium cyanide, potassium sulphocyan- 
ate, sodium hyposulphite, potassium ferrocyanide and potassium 

* Zeilgchriftjiir PhyaikaliMlie Chemie, li. , p. 570, etc 
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chloride. As he did not uae the Bame strengths that I have 
found most convenient, I have had to plot his results, reduce 
them to zero potential,* and interpolate the results for the 
strengths I have used. The results so obtained are compared 
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QUICKSILVER 
ury D«polaplzer/HaS04/HB. 



Piotledr TDlfirpotPtoil, Rep^oUed ui 



snlial, bj aaCbrUt)'. 



On the homonial (i) aria are laid off the values ot log. M = log. 10°; on the 
vertical (y) axis, the actual volta. 

with the results obtained by Professor Oettingen and myself 
with the normal electrode. The results obtained by us for po- 
tassium cyanide are higher than Brandenberg's, but show the 
curves to be of the same general nature. They are shown in 
gig- 17- 

* On the supposition that ^-^^ has a potential of — 0.93 instead of — 0.560 



Hg,Cl,' 



HgSOi 



Table X. — Electromotive Force of Iron in KCy. 
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E.M.F. OF IRON IN KCy SOLUTION. 

Oq the horizontal (a) aiis are laid off the tbIubb ot log, M = log. 10° ; o 
vertical (y) axis, the actual volts. 



THE ELECTROMOTIVE FORCE 07 METALS. 



In order to bring out more clearly the nature of the relations 
existing between EMF of the diiferent metals, I have combined, 
from the plotted curves of each metal, what appear to be the 
most probable values for each metal. These results are con- 
tained in Table XI. 

Table XL — Electromotive Force of Metals in Cyanide of 
Potassium Solution. 
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These results have been plotted in Fig. 19. These curves all 
show critical poiiits at either log. M = — 2, — 3 or — 4. Most 
of them show the greatfiet amount of inflection at log. M — 
— 3. In tact, most of them seem to change in character at this 
point. According to the Nernst-Ostwald theory, this would be 

M 
explained by the assumption that below say Yn^ KCy, the dis- 
sociation of the complex ion containing the metal in point is 
practically complete, so that the osmotic pressure p of the given 
metallic ions in the dilute solutions becomes practically constant 

p 
below this point, so that as the ratio — is nearly constant, so its 

P 
logarithm, and hence the voltage, becomes also nearly constant) 
as is shown in the figure. 

The curves for lead and iron are very remarkable; at first 
quite low, they maintain themselves at a higher level than either 
of the other metals except zinc. This is explainable on the 
supposition that the values of P for lead and iron are for these 
metals rather low, but that the values of p reach a nearly con- 
stant value sooner than for the other metals, so that the result- 
ing curves flatten earlier. 

These curves also show a number of remarkable crossings. 
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Copper, which starts at a voltage alightlj' lesa than that of 
zinc, rapidly falls off, crosses the curve of lead a little below 
log. M = — 2.5, and that of iron a little before log. M = — 3.5, 
and then remains permanently helow these metals. The gold- 
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curve crosses the curves of mercury, silver and iron at just about 
log. M = — 2.5. Gold and silver both cross mercury again at 
about log. M = — 3.5. Gold finally crosses mercury again at a 
point beyond log. M = — 6, and remains permanently below it 
after that. 
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It will be observed that the metale change their sequence from 
that of zinc, copper, gold, silver, lead, mercury, iron, which 



zinc, lead, iron, copper, silver, mercury, gold, in distilled water, 
which is the usual electrochemical series in acid solutions quoted 
by Wilson except that iron is placed above lead. The deter- 
mination of iron in my experiments was not entirely satisfac- 
tory, by reason, apparently, of the formation of films ; and the 
results are probalily too low. "Water, also, appears to act like 
a weak alkali. 

All the metals show a critical point somewhere between 
log. M ^= — 3 and — 4, at which dilution they seem to change 
from the voltage due to the cyanide solution to that which they 
ordinarily possess. 

From a study of these curves there seems to be little support 
for the so-called " selective affinity " of dilute cyanide solutions 
for gold and silver, except in the case of copper down to 
log. M = — 4, or 0,00065 per cent, KCy. In the case of zinc, 
lead, iron and mercury the strong solutions give a better relative 
voltage in favor of the gold than do the dilute cyanide solutions. 
But in the ease of copper, there seems to be a distinct advantage 
in favor of the gold in dilute solutions down to 0.00065 per 
cent. Then the curves widen again. These facts will appear 
from the following table taken from the figure : 

Table XII. — Differences in Electramotive Force Between Gold 
and Copper in Potassium Cyanide Solutions. 



1-(.10 


0.C5 


1-hICN) 


o.niis 


i-i.i,oon 


0.00«5 


l-i- 10,000 


0.00066 


1 -Hi 00,000 




1 -H 1,000.000 


0.000001*5 


l^Inflnit}'(HjO) 


0. 



0.32 
0.30 
0.20 
0.30 
0.3t 
0.40 



It should be remarked that if we had an independent method 
of determining the number of metallic ions in cyanide solu- 
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tioDB, and were thus able to plot the EMF in terms of the actual 
ionic concentration instead of the molecular concentration, we 
should probably reach a more perfect agreement with the 
logarithmic law than in the curves here shown. JTeverthelees, 
even as it is, a general agreement is eertaioly evident. 

Melation Beticeen the Strength of Cyanide Solutions and Their 
Dissolving Power. 

It hae already been shown by Maelaurin,* that the dissolv- 
ing power of a cyanide solution saturated with oxygen increases 
with its strength until a strength of 5 or 10 per cent, is reached, 
and diminishes again as the strength in cyanide increases beyond 
that point. But, so far as I am aware, no one has proposed the 
question : " At what point of dilution does the cyanide solution 
cease to act on the gold ?" 

According to the Nernat theory, gold should cease to dissolve 
in cyanide solutions, provided no force acts except its own solution- 
pressure, at the point at which its electromotive force is zero, for 
then its solution-pressure will be just balanced by the osmotic 
pressure of the ions already in solution. At this point {pro- 
vided no other force acts) the solution of the gold should cease. 

It seemed interesting to ascertain if there were such a point. 
In order to do so, it was necessary to expose the gold to the 
cyanide solution, in the presence of air, under circumstances 
most favorable for rapid solution. Hence I devised a rotating 
apparatus, consisting of three pairs of rollers, driven by a small 
Pelton water-motor, on which a couple of 2^-liter bottles, such 
as are used for holding nitric acid, could be laid and rotated 
about their long axes. The number of revolutions of the middle 
axis being recorded, the distance traveled was known. This 
precaution waa taken to be able to allow for the irregularities 
of the motor. 

Standard strips of fine gold were prepared by repeated pre- 
cipitation with sulphurous acid from a diluted chloride solu- 
tion. These were rolled out thin and cut to a standard size of 
2 in. by J in. They weighed from 250 to 330 mg,, according to 
their thickness. The strips were boiled in sulphuric and muri- 
atic acids, washed, and ignited before use. The first set of ex- 
periments was undertaken with 2 liters of solution and J liter 

* Joum. Chan. Soe., 63, p. 731. 
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of air, the bottles being stoppered. The weighed gold strips 
were then added ; tbe bottles were rotated for 24 hours ; and 
the strips were then washed and dried and weighed again. The 
number of rotations made in 24 hours ranged from 4000 to 
24,000, and as the interior diameter of the bottles was 4J in., 
the distance traveled in thia time by the gold strip was from 
one to six miles. It was found impossible to get a uniform ro- 
tation-rate, owing to constant changes in the water supply. But 
so long as the solution was kept gently agitated these variations 
did not seem to have any appreciable effect on the result.* 

Table XIII. shows the results of these experiments. The 
first pair were undertaken with distilled water, to see if there 
was any loss due to erosion. The apparent loss of 0.01 mg. 
was almost at the limit of accuracy of the balance, but seemed 
to show the possibility of a slight loss due to that cause. It 
M 
2000 

loss is merely nominal, never more than 0.29 mg., often zero; 
and the results vary in the most irregular manner. No, 18, 

with or 0.00065 per cent., save a loss of zero, and No. 

10,000 1- •& 



M 
that these small losses below ;r-^i-x were chiefly mechanical. It 

was noted that while most of the bottles used were perfectly 
smooth inside, some seemed to have small sharp grains of sand, 
or slivers of glass, projecting above the smooth inner surface. 
In many eases it was impossible to detect these without break- 
ing the bottles. The loss in No 12, which was not rotated, 
cannot be set down to this cause. The explanation in thia 
case, and perhaps in some others, may have been an imperfect 
mixing of the solution. The solutions were made up by add- 
ing the proper volume of strong solution to the proper amount 
of distilled water. In case the mixture of the solutions was 
not thoroughly made before the gold strip was added, the gold 

* In making theae sotubilitj-experimenls, 1 was aided by taj former assistaDt, 
now ABsiBtaut Professor, E, A. Hersam. 1 wish also to acknowledge the aid of 
mj present ussiBlant, Mr. Geo. E. Young, in the preparation of the etandard 
golntionB used in these ezpertmeats, and of the illustratioas. 
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Table XIII. — Solubility of Gold in Cyanide of Varying Strength. 

In tnenty-foiir hoars. Gold strips, standard size. Fine gold, 2 in. x ^ in. 
Weight, 250 to 330 mg. 2} lil«r bottles, 4} in. diameter, making 4000 to 24,000 
revolotioDB in tneoty-four hours, and containing 2 liters cyanide solntion and 
j liter air. 



VQ-, ' Rerolu- < Loes Gold 
No. Strength or Cfanlde. PerCout ' Mons to 'In^lHra,, 
w Hni.™ ■ Millignns. 
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: rotated. 



TolsIloseNoa.atolS li 



I II of liBB In 45 honra. 
I Samese nbore. 
I Treated 24 hours. 
I Duplicate of No. IT. 



143.641 
150.18 > 



Mean of two, 23,03 mg. 



Mean of two, » 



Mean of two, 11fl.»l mg. 
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would at first lie in a layer of stronger solution that might 

have a slight solvent effect until the dilution was effected by 

M 
rotation. The fact that the mean loss up to ■ is only 0.07 

M 
mg,; that even at i-TTTTTTj-, (Exp't No. 18), no loss, and in No. 

20 a loss of only 0.08 mg. was obtained, renders it extremely 

M 
probable that the Bolntion-loes up to ^^ -^tttt; or 0.00065 per cent. 

is absolutely nil. Thus muck is certain : these experiments dem- 
onstrate that for all practical purposes the cyanide of potassium. 
solution ceases to act at a strength below 0.001 per cent. 

M 
Going to higher strengths we find a sudden jump at sTjTrn; 

here the loss has risen to 9.68 mg., and beyond this it rapidly 
M 

'^ioo ^ 

eaten through in 24 hours. 

The next set of experiments was devised to show the eft'eet of 
a smaller volume of cyanide solution, and an unlimited supply 
of air. The same bottles as before were used, but they con- 
tained only 500 ee. of solution, and were left open to the air so 
that the latter was free to enter. The results, as shown in 
Table XIV., are in general the same as before. No appre- 

M 
eiable loss occurs up to nTjnTii ^^^ ^* *'***• PO"'*) ^n*i for greater 

strengths, the loss rapidly increases, finally rising a little higher 
than before. In Experiments Nos 4 and 6 the entire solution 
was filtered and the washed filter was scorified and cupelled. 
In No. 4, where the gold-loss was 0.07, none was found. In 
No. 6 (the loss being 0.23 mg.), 0.02 mg. of abraded gold was 
found. "Whether the rest was fine enough to pass the filter, or 
was dissolved before the strong solutioa was diluted, is a con- 
jectnre. 

The next experiments were made without agitation and in 
the following manner : The gold strips were suspended in 
perforated glass tubes just below the surface of the solution, so 
that although the solution was at rest, circulation by convec- 
tion was possible. The volume of the solution was 250 cc. 
The time of action was in each case 48 hours. The losses are 
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Table XIV. — Solubility of Gold in Potassium Cyanide of Varyivy 
Strength in Twenty-four Hours. 

Standard fine gold strips, 2 in. X } in. Weight, 250 to 330 mg. 2)-Uter 
bottles, 4j in. dlBmeter, making 400i) to 24,000 revolutions in twentj'-four hours. 
Halt a liter cyanule solution, 2 liters air. Freely open to air. 



No.' Strength of CjBnide. 


ECy. 
Per Cent. 


EcTolutioiiB In 


Uilllgrammcs. 


's'-"-°' 














T" 


0.0005 


8440. 


0.43(1) 


3; 12 800 






J M 


0.0005 


6C00 


0.07* 


■*, 12,800 










0.001 


S440 


0.19 




6400 
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eeoo 


0.23+ 
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0.0016 


6790 


0.16 




4000 
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0.002 


54.50 


0.44 


a20o 






0.00325 


0790 


1.77 




20W 












O.0O4 


5450 


4.29 


ItiOO 






0.008 


5540 


48.43 


HOU 






0.016 


6540 


74.90 


400 




M 


0.0325 


28,230 


150.51 ■ 




100 




M 


0.065 


28,230 


168.12 




100 



given in Table XV.; they are somewhat smaller than before, 

M M 

and afcain negligible below — --. In this case , „„ was not 
^ ^ ^ 1000 2000 

determined. The advantage of the position near the surface 

near the air is well shown in comparing Nos. 5 and 8. When 



loss was 21. 44 mg. in 48 hours, or nearly half a milligramme 

* In order to see wheth'.T or not these losses might not be due in part, or 
wholly due to abrasion, the solution was filtered and the filter scorified and 
cupelled. Ko gold waa found in the filter. 

f Tills solution was also treated as above, and 0.02 mg. of abraded gold waa 
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per hour ; when the strip was put at the hotlom of the same 
volume of a similar solution, the total loss in the same time was 
only 8-70 rag., or hardly one-third as much. 

Table XV. — SoluUUly of Gold in Potassium Cyanide of Varying 
Strength in Foriy-eighl Hours. At Rest. . 

Suspended 



Slandard See golc 
in open glasa tubes, i 
n currents i 



strips, 2 in. X 1 in 
ear surface, of 2)0 ■ 



Weight, 250 to 330 
,c. Cvanide solution al 



No. 


strength of Cyanide. | pg^^nj 


0-nl.TLowln 


1 
2 
3 
4 
5 
6 
7 




0.00 
0.06 
4.33 

3,86 
21.44* 
36.57 
42.79 


100.000 


lO.OUO ] 


luOO 
M ! 0.003 

M ; 0.016 

400 1 

M 1 0.0325 

200" ' 

M 0.065 

lUO 



AH these results have been plotted together with the volt- 
age of the gold in curves a, b, e and rf, in Fig, 20. According 
to the voltage-curve the voltage becomes zero for a cyanide 
solution of 0,00675 M, or about 0,044 per cent., and it is a 
curious fact that this is very near the limit of strength that 
practice has so far justified. Nevertheless, solutions as low as 
0.01 per cent., and even less, have been employed in practice ; 
and my experiments show that the solution acts perceptibly 



down as low a 



4000 



2000 
or 0.0016 per cent. KGy. 

An Apparent Contradiction. — Although it will be ?een that the 
solubility-curves all follow very closely the voltage-curve, the 
fact that action does not cease for the zero of potential of gold 



* 8. A simitar experiment wicl) same condiitons a 
solution as No. 6, only that the strip of gold rested 
gave a gold loss of only 8.7 mg. 



to streugCh and volume of 
,t the bottom of the vessel, 
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in KCj solution seems to contradict the Nemst law. But this 
contradiction is only apparent and not real. It is part of the 
new theory that (except the infinitesimal amounts necesaary to 
produce the state of static tension) ions cannot come into ex- 




istence or disappear except in pairs. That is, for every ion with 
a positive charge of electricity there must be one with an equal 
negative charge. Hence, when a positive ion appears, another 
positive ion must disappear, or else a negative one must also 
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appear simultaneously, (In the ease of ions with varying val- 
ency, an ion having a double or treble valency ia, of course, 
equivalent to two or three oppositely electrified univalent ions.) 
. For instance, in my experiments for determining the electro- 
motive force of gold in potassium cyanide solution against the 
normal electrode, the couple is composed of 

Gold |_KCy 
KCl, HgCl : Hg 

When the gold dissolves, the positive gold ions travel from the 
gold with their positive charge, and in order that the solution 
may continue, a similar flow of positive ions must continue 
by means of potassium ions through the solution to the mer- 
cury. The potassium ions finally drive out some of the mercury 
ions which precipitate into the mercury forming the electrode, 
at the same time giving up their charge of positive electricity to 
it. Simultaneously there is a corresponding flow of negative 
ions in the opposite direction. Thus : first chlorine and then 
cyanogen move in the opposite direction to meet the gold, and 
the latter forme with the cyanogen the complex negative ion 
(AuCyO (— ). Thus: Au (+) +Cy (— ) +Cy (— ) = (AuCy,) (— ). 
The action of this couple will go on so long as the ekctromolice 
force of the combination is greater than zero, and, as we have seen in 
my experiments, long after the electromotive force of the gold 
in the dilute cyanide solution has become zero. For the tend- 
ency of the mercury ions to discharge into the mercury elec- 
trode can only affect its purpose and cause a current by the 
simultaneous solution of the gold. That is, the tendency of 
the positively electrified ions of mercury to discharge themselves 
can cause the gold to dissolve long after its own electromotive 
force has ceased. 

The Electromotive Force of the Oxygen of the Air the- Sufficient 
Cause of the Solution of Gold in Cyanide Solutions. 

We have another substance at hand with a great tendency to 
form negative ions. This is the oxygen of the air. In the 
presence of water, the molecule of oxygen, 0,, tends to assume 
the ionic state, combining with water to form four negatively 
electrified ions, thus: 0,(±) + 2H,0 {±) ^ 4 (0H)(— ). Or, 
as has been suggested hy Traube, when metals dissolve in the 
presence of oxygen, a molecule of the latter combines directly 
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with two atoms of potentially nascent hydrogen thus: 0^ + 2H 
= IIjOj, Later, the peroxide of hydrogen dissociates into two 
negative hydroxy! ions, which, entering the solution with their 
negative charges of electricity, tend to produce a current in 
the same direction as the positively electriliud mercury ions do 
when they leave the solution. That is, oxygon can play the 
same part in causing the solution of the gold aa the mercury 
ions did in the normal electrode above cited. 

The controlling importance of an abundant supply of oxygen 
is well shown by the curves in Fig, 20, In curve c, although 
there is only one-fourth as much cyanide present as in curve b, 
the amount of gold dissolved is greater, except for the very di- 
lute solutions. The evident reason is that the aeration is 
greater. The cyanide-supply being ample in both cases, the 
oxygen-supply determines the rate of solubility. For dilute 
solutions, the amount of dissolved oxygen being sufficient in 6, 
the greater volume of cyanide is the determining factor, and 
the amount dissolved in b is in this case greater than in c. 

Interesting confirmation of these views is found in Maclaurin's 
experiments on the solubility of gold in a solution of cyanide of 
(lotassium saturated with oxygen.* He conducted two sets of 
experiments with gold strips in solutions of diiierent strengths. 
The first set was left at rest for three hours, the second set 
was agitated. The losses are given in the following table : 

Table XVI. — Maclaurin's Table of losses of Gold in KC'j 

Saturated with Oxygen, 

At Rest in Solution Saturated with Oxygen. Time. Tliree Hours. 





,n 














47. a 

10.8 







Maclaurin deems the results in the second table more reliable 
than those in the first. In both it will be seen that there is a 

" Journal Ckemkal Societj/, Ixiii., p. 731. 

t Curve A, Fig. 21. t Curve B, Fig, 21. 
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rapid increase of the dissolving power up to about 5 or 10 
per cent. KCy; then it gradually falls off till at 50 per cent, the 
solubility of the gold is leas than at 1 per cent. 

The importance of the remarkable relation thus discovered 
by Maelaurin has, I think, never before been appreciated. la it 
not a little remarkable that the strong cyanide solution should 
dissolve lees gold than a weak one, while the electromotive 
force of the gold goes on steadily increasing? 

But in the light of the new theory the reason is not far to 
seek, for at no time does the electromotive force of the gold rise 
high enough to displace without external aid any other positive 
ions, such as those of the potassium in the cyanide or the hy- 
drogen in the water; and unless this be done, the gold ions 
cannot continue to form, nor the gold to dissolve. For this 
reason (as Maelaurin, myself and others have shown), in the ab- 
sence of oxygen or some equivalent agency, gold does not dis- 
solve in cyanide solutions. In other words, unless some nega- 
tive ion like (OH) (— ), (CI) (— ), or (Br) (— ) is added, or some 
other positive ion as (K) (-|-) etc. is removed by some external 
source of energy, the action cannot go on. Ordinarily the oxy- 
gen of the air furnishes this energy; as we have seen above, 
it dissolves in the solution and furnishes the negative ions nec- 
essary to cause the solution of the gold. 

Again, Maelaurin has found the key to the anomalous action 
of strong cyanide solutions. It is in the fact which he demon- 
strated, that oxygen is less soluble in strong than in weak cyanide 
solutions. The following results for the solubility-coefficient of 
oxygen in KCy are plotted from his curves by interpolation. 

Table XVII. — Solid>ilitt/ of Oxygen in Solutions of KCy ai 18° C. 
{Maelaurin). 



Strength KCy, percent- 


1 


5 


10 


20 30 


40 60 


Solubility, per cent 

Solubility, per cent.*...,. 


0.0295 
0.0290 


0.0236 
0.022 


0.019 
0.018 


0.0U 0.0103 
0.013 10.008 


0.005 1 0.003 1 



I have replotted the results of the above experiments of Mae- 
laurin so as to make them more comparable with mj' own re- 
sults. I have replotted both the gold losses of Maelaurin and 
the second of his oxygen solubility coefficients in Fig. 21; and 
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SOLUBILITY OF GOLD AND OXYGEN IN KCy, 

I have also added the voltage-curve for gold from mj own ex- 
perimenta. 
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It is plain now, for the first time, why there should be a maxi- 
mum eolubility somewhere between 5 and 10 per cent. There 
are two causes at work tending to dissolve the gold. First, the 
electromotive force of the gold itself, which alone is insufficient 
for the purpose; and second, that of the hydroxy! ions. If we 
suppose the latter proportional to the solubility of the oxygen, 
we see that the two forces operating to cause the solution of the 
gold tend to increase in inverse relation. Further, that the 
electromotive force of the gold rises very rapidly till it gets to 
between 5 and 10 per cent, and then rises very slowly after 
that, so that it has little effect on the solubility beyond that 
point. The solubility of the oxygen (and, as we have as- 
sumed, of the hydroxyl ions) is a maximum for pure water, 
and sinks as the gold-voltage rises. It is at between 5 and 10 
per cent, that these two factors give their maximum effect. 
Beyond that point, the solubility-curves of the solution for oxy- 
gen and for gold run along nearly parallel. 

Neither of these two factors alone is able to account for the 
maximum point in the solubility-curve. If the presence of oxy- 
gen were the only cause, the maximum solubility would be with 
dilute solutions. If it were alone due to the electromotive force 
of the gold, it would be greatest in strong solutions. As both 
act together, the maximum effect lies between these extremes. 

As far as I am aware, this inverse relation between the electro- 
motive force of gold, and that of oxygen in cyanide solutions of 
varj'ing strength as a controlling factor in determining the sol- 
ubility of gold in such solutions has never been brought out be- 
fore. In a certain sense it is a turning-point in this discussion, 
and hence merits a little close attention. 

The ionizing tendency of oxygen has been measured by a 
cell containing a platinum electrode made absorbent for 0x3-- 
gen by coating it with platinum sponge.* When this is im- 
mersed in oxygen at atmospheric pressure, and the end of the 

M 

wire is immersed in — sulphuric acid, and the latter is con- 
nected with the normal electrode, the mercury dissolves, and a 
positive current flows through the solution from the mercury to 
the platinum with a potential of + 0.75 volt. 

* Le BlaDc, Eleclro-diemdlry, p. 221. 
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This current moves in the opposite direction to that due to 
the electromotive force of the mercury, viz.: — 0.560 volt; 
consequently the electromotive force of the oxygen at atmos- 



acid is equal to the sum of these, or 1.31 volte. It is negative, 
or — 1.31 volts, eince negative ions are produced, and the solu- 
tion is negatively electrified by them. 

If the above determination is correct, it follows that if, in- 
stead of the normal electrode in the above combination, we 
place a vessel containing a gold electrode and a solution of cy- 
anide of potassium so weak that the potential of the gold is not 
merely zero, but as low as that of the mercury, viz. : — 0.560, 
it is plain that a similar voltage of + 0.75 should exist; but in 
this case the gold would dissolve instead of the mercury, and 
the positive current would flow through the solution from the 
gold to the platinum as before. In this case it would be, of 



or some other neutral salt, between H^SO, and the KCy, to pre- 
vent their direct action with each other from interfering with 
the mere transfer of electromotive forces at the end of the line 
which we wish to effect. 

Now gold does not absorb and ionize oxygen as readily as 
platinum does, but it acts similarly, though to a much less ex- 
tent. In order to test the correctness of these views, I took two 
small porcelain cups, B and 0, Fig. 22, in which were immersed 
the two electrodes 6 and o. These were gold strips held in 
platinum-tipped forceps, connected in series with a reilecting 
galvanometer G of 3000 ohms resistance, including that of the 
cell, and a resistance R of 30,000 ohms. The solution in either 
vessel is connected electrically by the liquid in the siphon C. 

It is very difficult to prepare, and impossible to keep,' a cya- 
nide solution entirely free from oxygen, unless it is hermetically 
sealed. But the following method was selected as giving an 
approximation to it. A liter of distilled water was boiled 
under a filter-pump, and when most of the dissolved oxygen 
had been removed, cyanide of potassium was added, and the 
boiling was continued a few minutes, to drive out the air 
absorbed during the solution of the cyanide, A cork was pro- 
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vided with two tubes like those of an ordinary waeh-bottle ; 
and after inserting the long tube below the surface, a layer of 
paraffine oil was floated on to the surface to exclude the air. 
The tip of the diseharge-tuhe wa« kept closed by a cork when 
not in use. It was easy, by blowing in through the short tube 
above the surface of the oil, to discharge any required amount 
of the soIutioH aa required, but of course each time this was 
done u small amount of air entered the solution. After cool- 




APPARATUS FOR SHOWING THE 

LOCAL ELECTROLYTIC ACTION 

INVOLVED m THE 

SOLUTION OF GOLD IN 
AERATED CYANIDE SOLUTION 

ing, the liquid was titrated and found to contain 0.62 per cent. 
ECy. A similar 0.621 per cent. KCy solution was prepared and 
nearly saturated with oxygen. Through the galvanometer G 
and the resistance R, a Latimer-Clark cell gave a deflection of 
7 scale-divisions. In vessel B were placed 12 c.c. of boiled 
0.62 per cent, KCy solution and in O an equal volume of 0.621 
per cent, KCy solution containing oxygen. On immersing the 
gold strips, the strip in B became negative, that is, the positive 
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current flowed from B through the solution to O, with an 
EMF = +0.02 volt "When the liquid in both B and was 
covered with paraffine oil to exclude the air, the EMF roee to 
+0.108 volt. On gently shaking electrode o, the EMF rose 
to -1-0.185 volt; OQ gently shaking B it fell to -1-0.08 volt 
(owing to absorbed oxygen). On cutting out the 30,000 ohms 
resistance, leaving that of the galvanometer {3000 ohms), the 
defleetion rose to 6.5 scale-divisions, coming back again on in- 
serting the resistance R to 0,6 scale-divisions or 4-0.12 volt. 
This gradually fell to 0.2 scale-division or -]-0.04 volt, where 
it remained for two hours. At the end of that time the resist- 
ance was cut out and the deflection rose to 2.5 scale-divisions; 
then, on shakiug,1j|^to 12 divisions; and then sank again to 
2.7, where it remained fairly steady for two hours longer. At 
the end of this time, four hours in all, the electrodes were re- 
moved and cleaned with gasoline and ether from the oil and 
solution ; and it was found that the electrodes had lost weight 
as follows : 

b lost 1.28 mg. lost 1.73 mg. 

The solutions contained in the vessels B and O and in the 
siphon C were also assayed with the following results: 

B contained 1.25 mg., contained 1.68 mg., and C contained 
0.06 mg. of gold. 

The total loss of the electrodes was S.Ol mg., and that found 
was 2.99 mg. The difl:erence of 0.02 mg. was probably lost in 
the washings of the electrodes, which were not saved. 

This experiment, corroborated by many others, shows clearly 
that the positive current flows from the deoxygenated to the 
oxygenated cyanide, just as theory would in<licate. The fact 
that more gold has dissolved in the oxygenated than in the de- 
oxygenated cyanide does not militate against the indication of 
the galvanometer. 

The solution of the gold in the vessel is evidently due to 
the well-known phenomenon of " local action." The current 
that flows through the siphon has to overcome a resistance of 
from 3000 to 33,000 ohms, while local action can go on in the 
vessel O wherever an OH ( — ) ion comes in contact with gold 
and KCy. Here it forms a " short circuit," and it completes 
itself on the gold strip o at any point free from oxygen, without 
having to pass through the entire external circuit. 
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It might be objected that the fact that 1.73 mg. of gold had 
disBolved in aB against 1.28 in B only went to prove that 
some oxygen had been eontjiined in E, though iesa than in O, 
and that the solution in each had been simply in proportion to 
the oxygen present But this does not account for the abso- 
lute verdict of the galvanometer, which shows that the positive 
current flows during the entire experiment from strip b through 
the solution to the strip o. The only explanation that remains 
ia the one which I have suggested. There is no doubt that 
considerable local action went on in cell 0. That this was the 
case is also evidenced by the fact that the action was more uni- 
formly distributed over the surface of 6, while the strip o was 
not uniformly acted on, but was eaten into in a remarkable 
manner. These strips, and particularly some of those to be de- 
scribed later (with peroxide of hydrogen), were not corroded 
most upon the edges where one would naturally expect it, but 
along vertical lines running up and down the middle of the 
strip. In some cases they were eaten through along these 
lines in such a manner that nothing remained but a thin film 
like gold lace. It appeared that local action started in along 
these lines rather than at the edges, owing to difierences of 
potential due to the distribution of the oxygen, and that when 
it had once set in, it was able to maintain itself. 

It is probable that in all cases of the solution of gold in 
aerated cyanide solutions the process, as in the above case, is 
one of local electrolytic action, though, as it is impossible in 
such a case to apply the galvanometer, it would be difficult to 
prove this proposition except by inference. 

In all such experiments it is important to be certain that the 
gold strips are in the same physical state, since the existence 
of microscopic Alms or unweighable traces of occluded gas 
cause an appreciable difference of potential in apparently similar 
gold strips. This is best tested by comparing the strips in 
the same solution. They react similarly if they are carefully 
cleaned with boiling acid, and are then washed with distilled 
water and ignited to redness side by side iu the muffle or over 
a Bunsen flame in a small porcelain dish. But if they are 
heated in ditt'erent parts of the same Bunsen flame, they fre- 
quently show quite appreciable ditterences of potential due to 
occluded gases. 
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The Effect of Hydrogen Peroxide. 
The peroxide of hydrogen used was Marchand's medicinal, 
cont^ning 3,3 per cent, of available peroxide, as determined by 
titration with permanganate of potassium. According to the 
new theory, the H,0.; (±) takes up from the gold strip o, which 
becomes positive, two units of negative electricity and dis- 
sociates into 2 (OH) ( — ). 

M 
In the first experiment a -- KCy solution containing the 

usual amount of absorbed oxygen was used, and 10 c.c. of this 
solution was placed both in li and in 0. Gold strips b and o 
were then placed in B and 0, and the siphon was inserted. 
Both strips showed themselves of the same potential. The 
siphon was removed and 5 e.c. of water was added to B and 5 
c.c. of hydrogen peroxide to 0. On inserting the siphon and 
the electrodes, b proved to be electronegative, that is, the solu- 
tion in B was electropositive by + 0.66 volt; in other words, 
the positive current flowed through the solution from b to o. 

Another experiment was made with boiled water with 0.62 
per cent. KCy that had been kept under \ in. of oil for a week. 
B and O were each filled with 10 c.c. of this solution, and the 
gold strips and siphon were inserted. The strips proved to be 
of the same potential. The siphon was then removed, and to 
B was added 2 e.c, of distilled water, and to O two c.c. of per- 
oxide of hydrogen. After mixing, on replacing the siphon, 
the voltage rose to + 0.57 volt. That is, tlie positive current 
flowed through the solution from b to o. To exclude the air, 
a layer of parafBne oil about J-in, thick was floated over each 
solution before inserting the siphon. 

The resistance of 30,000 ohms was then cut out, leaving 
only that of the galvanometer (3000 ohms), and the needle 
which had previously shown a deflection of 2.6 scale-divisions 
was thrown out of sight. (The limits of the scale used were 
21.0 scale-divisions.) After being thus short-circuited for an 
hour and a half, on throwing in again the 30,000 ohms resist> 
ance, the voltage of the combination showed itself to be still 
in the same direction, + 0.63 volt. The 30,000 ohms were 
again cut out and the combination was again short-circuited 
overnight. In the morning some bubbles of gas from the 
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action of the peroxide had collected in the upper part of the 
siphon, and had nearly cut off the current. But on removing 
and refilling the siphon the voltage still showed itself to be in 
the same direction, -i- 0.55 volt. The resistance of 30,000 
ohms was again cut out and that of the galvanometer only letl 
in, and after 5J hours more the electrodes were taken out and 
cleaned and weighed. Total time, 23 hours. 

The strip contained in B had lost 13.25 mg., while that in O 
had lost only 9.20 mg. lEvidenllj/, in spite of the local action that 
had taken place in the vessel O, more gold had dissolved in the vessel 
B in the absence of the oxidizing agent, than in O where the oxidizing 
agent was present. 

In order to determine how much of the loss in B might be 
due to dissolved oxygen which had leaked through, or by, the 
oil-cover into the cyanide solution since it had been made, a 
week previously, 10 c.c. of the same solution as that used in B 
was placed in a similar vessel, and a gold strip was immersed 
in it half-way, and the liquid was then covered with the par- 
affine oil just as had been done in B and O, After 19J hours 
it had lost 4.28 mg. A similar strip entirely submerged below 
solution and oil lost, in 24 hours, 2,64 mg. These experiments 
prove that some air had leaked through, or by, the oil cover. 
It had been previously proved that if a thicker layer were used, 
it was possible practically to prevent altogether the ingress of 
oxygen and the solution of the gold. In this case it was in- 
convenient to use a layer thicker than \-in. But the experi- 
ment also clearly shows that the amount of gold thus dissolved 
by absorbed oxygen is so much less than that shown by the b 
strip, that the solution must have been caused by the electro- 
motive forces of the combination in the manner I have explained. 

The same experiment was repeated exactly as before, except 
that to 10 c.c. of 0.62 per cent. KCy in B was added 1 e.e. ot 
water and to 10 c.c. in was added 1 e.c. of peroxide of hydro- 
gen. At first the voltage was + 0.652 volt, rapidly falling to 
-I- 0.63 volt. Atler cutting out all but 3000 ohms resistance for 
21 hours, the voltage, on adding the 30,000 ohms, proved to be 
still + 0.63 volt. After again cutting out the 30,000 ohms for 
27 hours, it still showed, on inserting it again, + 0.434, rising 
after resting a few minutes to + 0,456 volt. At this point, 
after a total of 47 hours, the electrodes were cleaned and 
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weighed, and b was found to have lost 24.06 mg. and o to have 
lost only 13,25 mg. Here, again, the posUiue current has moved 
through tlie solution from b lo o, and more gold has dissolved in the 
vessel contaimvg no oxidizer, than in the one containing the oxidizer. 

In some other experiments with peroxide of hydrogen, 
there was more local action in 0, and the o strip lost as much, 
and in aome cases even twice as much, as the b strip. The ex- 
act conditions governing this local action are still under inves- 
tigation. JBut in these eases, also, the galvanometer showed that the 
positive current was still flowing through the nolution from the strip 
b to the strip o in contact with the cyanide containing Ike oxidizer, and 
thence back through the gold strip o back again to b, the place of be- 
ginning. 

The course of the negative current may be traced from the 
gold strip immersed in the oxygenated cyanide to the strip 6 
immersed in the unoxygenated cyanide in two ways, as follows : 

1. According to Ostwald* the reaction 0, + 11^ = 40H 
produces 4 X 21,100 calories. Assuming this to be true, the 
oxygen molecule 0, forms with the water four negative hy- 
droxyl ions, 4 (OH) ( — ); these, assuming a negative charge 
from the electrode o, cause that end of the gold electrode to be 
positively electrified. Now these negative ions travel through 
the solution, displacing at the other end of the Hue four nega- 
tively electrified cyanogen ions, 4 (Cy) ( — ), which give up their 
negative charge at the other gold electrode b, and thus enable 
four positive gold ions, 4 Au (-I-), to go into solution there, form- 
ing with eight cyanogen ions four complex negative ions, 
4 (AuCj-,) (-). 

The water present may be regarded as not dissociated ap- 
preciably, and the dilute solution of cyanide of potassium as 
entirely so. Making these assumptions, the principal reactions 
may be expressed as follows : 

0, (±) + 2H,0 (±) + 4Au (±) + 8K (+) + 8 (Cy) (— ) = 8K (+) 
+ 40II (— ) + 4 (AuCy,) (— ). 

But this is equivalent to the so-called Ellaner reaction: 

O, + 2H,0 + 4Au + 8K0y = 4KAuCy, + 4K0H, 
which Maclaurint has proved to be quantitatively correct, 
* CSiemUche Eno'gie, p. 950. f Joar, Cftem. Soc., vol. Ixiij., p. 728. 
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2. The other view, following Traube, has been urged by 
Bodlaender, of the Claiisthal Bergakademie* He shows first, 
in agreement with Maclaurin and myself, that the reaction 

HjO -I- 2Au + 4KCy = 2KAuCy, -f 2KH0 + H,, 

proposed by Macarthur to explain the solution of cyanide of 
gold in cyanide solutions, is incorrect. Next, he claims that the 
so-called Ellsner reaction really proceeds in two stages : 

(a) The hydrogen, which is not formed according to Mac- 
arthur's reaction, is, in the presence of cyanide of potassium, 
water, gold and oxygen, potentially nascent; and a molecule of 
oxygen combines directly with two atoms of nascent hydrogen, 
forming hydrogen-peroxide, while two atoms of gold dissolve; 
— thus : 

Oj + 2H,0 + 2Au + 4KCy = 2KAuCyj -I- 2KnO + H,0,. 

Qi) Next, the hydrogen peroxide gradually dissociates into 
hydroxy], and causes the solution of two more atoms of gold 
thus : 

HjO, + 2Au + 4KCy = 2KAuCyj -h 2KH0. 

The sum of these two reactions is, of course, the same as 
that of the Ellsner reaction, which correctly expresses the end- 
result. 

When gold was rapidly dissolved in an aerated cyanide solu- 
tion, Bodlaender was able to detect as much as 72,3 per cent, 
of the hydrogen-peroxide required by reaction (a); and, as re- 
action (h) had probably already set in, this renders his explana^ 
tion extremely probable. 

Expressed in terms of the ions, reactions (a) and (ft) become : 

(«) 0,(±) + 2H,0(+) + 2Au(±) +. 4K(+) -I- 4Cy{— ) = 4K:(+) + 

2AuCyj(— ) + 20H(— ) + H,0^(±). 

{h) H,0,(±)-h2Au(±)+4K(+)+4Cy(— ) = 4K(+)-H2AuCy,(— ) 

+ 20H(— ). 

The flow of ions through the solution is the same as in the 

* ZeitKhT.J. angeuiaadit Chemie, 1896, p. 683. 
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first case. On the whole, the second seems the more probable 
explanation, though either agrees with most of the facts.* 

According to either of these views the new theory agrees 
quantitatively with the results of experiment, but ofters for the 
first time a consistent explanation of ite occurreuce. /( is due 
to the superior electromoHoe force of the oxygen (or, in case they are 
present, to some other electronegative ions, as (OH) ( — ),Cl( — ) 
Br( — ), etc.), together with the capacity of the gold for forming com- 
plex ions with cyanogen. 

* While this paper was in press, a paper on " Freiwilljge Osydation" (AuW- 
oridation), by Dr. Manchot, of Goettingen, has appeared, in which he has ei- 
amined the oxidation of a large number of phenol-derivatives, such as those used 
IS developera in photography. One of these derivatives, oxanthranol, was par- 
ticularly well adapted to give quantitative results, and he was able to prove that 
for every molecule of oxygen absorbed a molecule of hydrogen in the oxanthranol 
was oxidized, and a molecule of hydrogen-peroxide was formed. 

Bepresenting the organic radical by K, and the oxanthranol by KHj, he assumes 
that the reaction takes place as follows : 

BH^-f-Q, = R + H,0,. 

The organic radical, if unstable, is frequently still further oxidized in a eecoud 
reaction by the bydrogen-peroiide thus formed. 

It would appear that ttimilar reactions ensue in the rusting of metals in damp 
air. The meting of iron, zinc, etc., is worthy of thorough study in the light of 
these Dew ideas. 

It would seem that the modern electrochemical views necessiiate a return, in 
part at least, to the ideas oE Berzeliiis and Schoenbein. They supposed that the 
same element was at times positively, and at other times negatively, electrified. 
This appears to be a consequeace of the new view also. For if we regard the 
oxygen molecule 0:(i^ ) as electrically neutral, this can only be the case when one 
of its atoms has a double positive and the other an equal negative charge. By 
the attraction of these charges the molecule may be regarded as being held to- 
gether. Its real composition then would he 0(— — ) + 0(+ +). On the other 
hand, two atoms of oxygen in the elemental state would be similarly electrified 

with negative electricity, thus : 0( ), 0( ), and would consequently repel 

each other. Hence, to change an oxygen molecule into two oxygen atoms would 
reqnire/twir units of negative electricity. 

On the other hand, the hydrogen molecule would he composed as follows : 
H(+)-f H(— ); and to change it into two hydrogen atoms H(+) and H(+) 
would require Iwm units of positive electricity. 

It would also seem necessary to assume that there is an inherent tendency in 
the oxygen molecule (due, perhaps, Co some peculiarity of shape or volume) to 
assume negative, and in the hydrogen molecule to assume positive, electricity in 
dissociating. 

It would also appear as if a different result ought to be produced when neutral 
hydrogen molecules combine with a neutral osygen molecule, from that which 
results from the combination of positively electrified hydrogen atoms with a neu- 
tral oxygen molecule. This may be the key to the formation of water in the one 
case and hydrogen -peroxide in the other. 
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If instead of having the two ends of the gold strip immerBed 
in two separate cyanide solutions, the strip is immersed in the 
same solution containing some dissolved oxygen, the same elec- 
trolytic action can still go on ae a case of "local action;" for 
the couple 

Au : KCy 
(OH) : Au ■ 

is still possible if we regard the gold to be short-circuited on 
itself, and the explanation given above still applies. 

When I began this investigation in 1896, I marked out for 
myself a much wider range of investigation than here outlined, 
and the course of its partial execution has suggested many 
other interesting questions, some of which are still under inves- 
tigation ; but the constant and pressing interruptions of routine- 
work have made it impossible to carry the work further at the 
present time. 

IV. — Conclusions. 

Whatever may be the nature of the objections that may be 
raised against the final acceptance of the modern electrolytic 
theory in its present form, it will, I think, be conceded that the 
following conclusions may be fairly drawn from the foregoing : 

1. That the new electrolytic theory explains in a remarkably 
complete manner the reason for the departure of metals im- 
mersed in cyanide solutions from the sequence of electromo- 
tive force which they present in acid solutions, 

2. That it is the only theory ever presented that gives any clue 
to the remarkable aberration of cyanide solutions from all the 
usual chemical analogies. 

3. That it explains in an entirely adequate manner the rea- 
son for the reactions that go on when gold, silver and other 
metals are dissolved and precipitated from cyanide solutions. 

4. That the determination of the electromotive force of the 
metals in cyanide solutions under difl'erent conditions offers a 
means of research that is likely to be of great .practical utility 
in determining the direction and intensity of chemical reac- 
tions, under fixed conditions, or in following them under chang- 
ing conditions, j ust as they occur. 

5. That the differences of electromotive force of metals in di- 
lute cyanide solutions do not give much support to the so-called 
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" aeleetive affinity of dilute cyanide solutions for gold," the only 
common metal that shows any indication of such favorable ac- 
tion being copper. 

6. It is probable that, in the absence of external electromo- 

M 
tive forces, an aerated cyanide solution less than -———. or 
' •' 10,000 

0.00065 per cent, is without action on metallic gold, 

7. That for all practical purposes, an aerated cyanide solu- 
tion of less than 0.001 per cent, is without action on metallic 
gold. 

This study has led apparently far afield from the practical 
side of the cyanide process ; yet I hope that it may be of service 
in at least calling attention to the work of others who have 
toiled for many years in attempting to clear up some of tlie 
most subtle questions that have ever taxed the human mind. 
For I am firmly convinced that, in the long run, such work is 
always of the greatest practical service. In these days, the 
words of Ostwald have certainly come true : 

" The science of to-day is the practice of to-morrow." 



